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ABSTRACT
Repairing reinforced concrete structures experiencing corrosion of the reinforcing 
bars is a problem all too common in today's climate. When corrosion is the result o f 
chloride ion ingress the use of such patch repairs is likely to create more problems 
than it solves. In recent years there has been a considerable interest in the 
development of additives and admixtures which reduce or eliminate the ingress of 
chloride ions into reinforced concrete. One method of increasing the tolerance of 
reinforced concrete structures to the presence o f chloride ions is the application of 
corrosion inhibitors. Corrosion inhibitors offer a potentially useful means of 
suppressing chloride-induced corrosion that does not involve removing the concrete.
This thesis presents the results o f tests on two commercial corrosion inhibitors (one 
organic and one inorganic) used as an admixed material to the fresh concrete mix and 
one commercial corrosion inhibitor used as a surface applied material to mature 
concrete that have been subjected to accelerated chloride-induced corrosion.
Specimens of high, good and poor quality concrete made from 100%OPC, 
30%GGBS and 25%PFA cement replacement blends have been manufactured in 
order to assess the influence o f the corrosion inhibitors on the fresh and hardened 
properties of concrete. The corrosion behaviour o f steel bars embedded in equivalent 
concrete mixes were also examined and the ability of both admixed and surface 
applied inhibitors to retard and suppress corrosion rates was investigated as a 
function o f time, depth cover and concrete quality.
It is concluded that both admixed corrosion inhibitors did not have a major effect on 
the fresh and hardened properties o f the various concrete mixes used in this study. It 
was also concluded that both admixed corrosion inhibitors were successful in 
delaying the time to corrosion initiation in all OPC and blended cement concrete 
mixes to various degrees.
Over the time scale of this study it was concluded that the surface applied corrosion 
inhibitor was able to reduce corrosion rates at the reinforcement throughout the cover 
depths examined. It was also concluded that the penetrating inhibitors have shown 
higher and faster corrosion reduction rates in poor quality concrete.
ACKNOWLEDGMENT
I would like to take this opportunity to express may deep gratuities and truthful thanks to the 
following people whom this work could not have been done without.
Mr. Ahmed Gergab, My father, for all of his unlimited guidance and support throughout my 
life. I would also like to thank my mother for her encouragement and care during this work.
My Supervisors Dr. Mike Mulheron and Dr Sunny Nwaubani for their thoughtful advice and 
patience.
Mr. Nigel Mobbs for his help in the Construction Material Laboratory.
I would also like to thank my government for giving me the financial support and the opportunity 
to reach this stage.
Finally I would like to dedicate this work to my beloved Wife and son Omar who contributed the 
most during this work
THANK YOU ALL
111
TABLE OF CONTENTS
ABSTRACT ii
ACKNOWLEDGMENTS iii
TABLE OF CONTENTS iv
LIST OF TABLES xi
LIST OF FIGURES xiii
LIST OF ABBREVIATIONS xxi
CHAPTER 1 INTRODUCTION 1
1.1 Introduction 1
1.2 Objectives ^
1.3 References ^
CHAPTER 2 LITERATURE REVIEW 6
2.1 Introduction to Concrete 6
2.1.1 Basic Theory o f concrete 7
2.1.1.1 Ordinary Portland cement 8
2.1.1.2 Aggregate 8
2.1.1.3 W ater 10
2.1.2 The hydration process 12
2.2 Durability of Reinforced Concrete 15
2.2.1 Mix design 15
2 .2 .1.1 Free water / cement ratio 15
2.2.1.2 Cement type 15
2.2.1.3 Cement content 16
2.2.2 Compaction 16
2.2.3 Curing 16
2.2.4 Concrete cover 16
IV
Table of Contents
2.2.5 Coating 17
2.3 Corrosion of Steel in Concrete 17
2.4 Causes o f Corrosion in Concrete 19
2.4.1 Carbonation 19
2.4.2 Chloride Ions 20
2.5 Techniques for Measuring Corrosion of Reinforcement 24
2.5.1 Half cell potential 24
2.5.2 Corrosion Rate Technique 26
2.6 Concrete Repair Techniques 29
2.6.1 Invasive Repair Methods 31
2.6.2 Non-Invasive Repair Methods 33
2.6.2.1 Surface treatments 33
2.62.2 Corrosion resistant reinforcement 34
2.6.2.3 Cathodic protection 34
2.6.2.4 Anodic protection 34
2.6.2.5 Protection coating of the steel 34
2.6.2 . 6  Corrosion inhibitors 34
2.7 Corrosion Inhibitor Technology 35
2.7.1 Classification of Corrosion Inhibitors 36
2.7.1.1 By their action 36
2.7.1.2 By their chemistry and function 37
2.7.2 Inhibitors as Repair Strategy 38
2.7.3 Research to date on the use of admixed Corrosion Inhibitors 39
2.7.3.1 Calcium Nitrite based Inhibitors 40
2.7.3.2 Alkanolamines and Amines 43
2.7.3.3 Organic based Admixtures 46
2.7.4 Research to date on the use of Migratory Corrosion Inhibitors 47
2.7.5 Critical Evaluation on the Use of Corrosion Inhibitors 51
2.7.5.1 C oncrete Properties 51
2.7.5.2 Concentration Requirements 52
2.7.5.3 Durability of Inhibitor Action 52
2.7.6 Summary 54
Table of Contents
2.8 References 86
MATERIALS USED: SOURCE AND 
SPECIFICATIONS
CHAPTER 3
3.1 Introduction
3.2 OPC Concrete
3.3 Cement Replacement Material
3.3.1 Ground Granulated blast furnace slag (GGBS)
3.3.2 Pulverized Fuel Ash (PFA)
3.4 Super Plasticicers
3.5 Admixed Corrosion Inhibitors
3.5.1 S ika FerroGard -901
3.5.2 DCI (Grace)
3.6 Migratory Corrosion Inhibitors
3.6.1 Sika FerroGard -903
3.7 References
64
64
64
66
66
70
72
73
73
74
75
76
79
CHAPTER 4 EXPERIMENTAL PROGRAM 83
4.1 Introduction
4.2 Specimen Manufacture
4.2.1 Reinforcement Preparation
4.3 Casting Procedure
4.3.1 Mould Filling
4.4 Specimens set up
4.5 Mix Design
4.5.1 High quality concrete mixes
4.5.2 Good quality concrete mixes
4.5.3 Poor quality concrete mixes
83
83
85
86
87
89
90
91
92
VI
Table of Contents
4.6 References 93
CHAPTER 5 TESTING PROCEDURE 94
5.1 Fresh Property Tests
5.1.1 Slump
5.1.2 Vebe Time
5.1.3 Compacting F actor
5.2 Physical Property Tests
5.2.1 Density
5.2.2 Compressive Strength
5.2.3 Initial Surface Absorption (ISAT)
5.3 Reinforcement Corrosion Tests
5.3.1 Ponding Regime
5.3.2 Half-cell Potential
5.3.3 Polarization Resistance
5.3.4 Destructive Exam ination
5.4 References
94
94
95
96
97
97
98
99
100
100
101
102
105
106
CHAPTER 6
6,1 Introduction
RESULTS AND DISCUSSION OF THE FRESH 
AND HARD PROPERTIES
6.2 Fresh Properties
6.2.1 Slump Test
6.2.2 Vebe Time
6.2.3 Compacting Factor
6.2.4 Summary of Fresh Property Results
6.3 Physical Properties
6.3.1 Density
6.3.2 Compressive Strength
6.3.3 Initial Surface Absorption (ISAT)
107
107
107
107
109
111
112
113
113
116
120
Vll
Table of Contents
6.3.4 Summary of Physical Property Results 123
6.4 References 123
CHAPTER 7 RESULTS AND DISCUSSION OF THE
CORROSION MONITORING BEHAVIOUR 124
7.1 Introduction 124
7.2 Control Specimens 128
7.2.1 Results of the control specimens 130
7.2.2 Discussion o f results from the control specimens 133
7.2.3 Summary o f the results from the control specimens 134
7.3 Results and Discussion of the OPC Based Concrete 135
7.3.1 Results of specimens without Corrosion Inhibitors 135
7.3.2 Results of specimens admixed with Corrosion Inhibitors 139
7.3.2.1 Results of the Sika-901 admixed Corrosion Inhibitor 139
7.3.2.2 Results of the DCI admixed Corrosion Inhibitor 142
7.3.3 Results of the specimens treated with Sika-903 Migratory 145
Corrosion Inhibitor
7.3.4 Discussion of the results from specimens admixed with 148
Corrosion Inliibitors
7.3.4.1 Discussion o f the results from specimens without 148
Corrosion Inhibitors
7.3.4.2 Discussion of the results from specimens admixed with Sika-901 151
Corrosion Inhibitor
7.3.4.3 Discussion o f the results from specimens admixed with DCI 152
Corrosion Inhibitor
7.3.5 Discussion of the results from specimens treated with Sika-903 154
Migratory Corrosion Inhibitor
7.4 Results and Discussion of the OPC/GGBS Based Concrete 157
7.4.1 Results of specimens without Corrosion Inhibitors 157
7.4.2 Results of specimens admixed with Corrosion Inhibitors 161
7.4.2.1 Results of the Sika-901 admixed Corrosion Inhibitor 161
7.4.2.2 Results o f the DCI admixed Corrosion Inhibitor 164
Vlll
Table of Contents
7.4.3 Results of specimens treated with Sika-903 Migratory 167 
Corrosion Inhibitor
7.4.4 Discussion of the results from specimens admixed with 170 
Corrosion Inhibitors
7.4.4.1 Discussion o f the results from specimens without 170 
Corrosion Inhibitors
7.4.4.2 Discussion o f the results from specimens admixed with Sika-901 172
Corrosion Inhibitor
7.4.4.S Discussion of the results from specimens admixed with DCI 173
Corrosion Inhibitor
7.4.5 Discussion of the results from specimens treated with Sika-903 175 
Migratory Corrosion Inhibitor
7.5 Results and Discussion of the OPC/PFA Based Concrete 177
7.5.1 Results of specimens without Corrosion Inhibitors 177
7.5.2 Results of specimens admixed with Corrosion Inhibitors 181
7.5.2.1 Results of the Sika-901 admixed Corrosion Inhibitor 181
7.5.2.2 Results o f the DCI admixed Corrosion Inhibitor 184
7.5.3 Results of specimens treated with Sika-903 Migratory 187 
Corrosion Inliibitor
7.5.4 Discussion of the results from specimens admixed with 190 
Corrosion Inhibitors
7.5.4.1 Discussion of the results from specimens without 191 
Corrosion Inhibitors
7.5.4.2 Discussion o f the results from specimens admixed with Sika-901 194 
Corrosion Inhibitor
7.5.4.3 Discussion o f the results from specimens admixed with DCI 195 
Corrosion Inhibitor
7.5.5 Discussion of the results from specimens treated with Sika-903 197
Migratory Corrosion Inhibitor
7.6 Summary Discussion of the Results 200
7.6.1 The Importance of Concrete Quality 200
7.6.2 The Effectiveness of the Admixed Corrosion Inhibitor 203
7.6.3 The Effectiveness of the Migratory Corrosion Inhibitor 205
IX
Table of Contents
7.7 References 207 j
CHAPTER 8 RESULTS AND DISCUSSIONS OF THE 208 |
DESTRUCTIVE EXAMINATION I
8.1 Introduction 208
8.2 Visual inspection 208
8.3 Chloride Ion Profile 220
CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS 222
9.1 Conclusion of Fresh Property Results 222
9.2 Conclusions of Physical Property Results 223
9.3 Conclusion of Corrosion Behavior Results 224
9.4 Recommendations for Future Work 226
APPENDIX A: Mix Design 228
APPENDIX B: Corrosion Measurements 232
APPENDIX C: Chloride Ion Content Calculations 235
LIST OF TABLES
Table 2.1. Composition of a typical Ordinary Portland cement--------------------------------------  8
Table 2.2. Corrosion risk for varying chloride contents by weight o f cement--------------------- 20
Table 2.3. Risk of corrosion versus Half-Cell Potential------------------------------------------------  25
Table 3.1. Typical Chemical Compositions of GGBS manufactured in tlie UK----------------  67
Table 3.2. Temperature data for concrete cross-sections with minimum dimension of Im
at various binder contents and proportions of G G B S-----------------------------------  69
Table 3.3. Average Values for oxide analysis for PFA’s produced in the U K -----------------  70
Table 3.4. Technical details o f the commercial inhibitor Sika Ferrogard-901---------------- 74
Table 3.5. Technical details of the commercial inhibitor DCI-------------------------------------  75
Table 3.6. Teclmical details o f the commercial inhibitor Sika FerroGard-903---------------- 78
Table 4.1 Specimens set up------------------------------------------------------------------------------------  8 8
Table 4.2. Paste mix proportion, by weight of cement of the high quality concrete mix —  90
Table 4.3. Paste mix proportions, by weight of cement of the good quality concrete mix— 91
Table 4.4. Paste mix proportion, by weight of cement of the poor quality concrete mix —  92
Table 5.1. Description of Workability and Magnitude of Slump-----------------------------------  94
Table 5.2. Typical results of Initial Surface Absorption Test----------------------------------------  99
Table 5.3. Icon* values interpretations---------------------------------------------------------------------  104
Table 6 .1 Dosage of S10 Superplasticiser used in the mix design----------------------------------  107
Table 6.2. Average density (kg/m^) o f concrete mixes without corrosion inhibitors----------- 113
Table 6.3. Average 28 day density results o f concrete mixes admixed with corrosion
inhibitors Sika-901 and DCI-------------------------------------------------------------------  115
Table 6.4. Average Compressive Strength development for concrete mixes without
Corrosion Inhibitors------------------------------------------------------------------------------  116
Table 6.5. Average 28 days compressive strength results for concrete mixes admixed with 
corrosion inhibitors----------------------------------------------------------------------------
XI
List of Tables
Table 7.1. Overall average rest potential and corrosion current values for the control
specimens------------------------------------------------------------------------------------------  134
Table 7.2. Time to Corrosion Initiation of the OPC Concrete in Cycles------------------------  148
Table 7.3. Time to Corrosion Initiation o f the GGBS Concrete Specimens in Cycles  170
Table 7.4. Time to Corrosion Initiation of the PFA Concrete Specimens in Cycles--------- 190
Table 7.5. Time to corrosion initiation o f concrete specimens made from OPC, GGBS and
PFA blends without corrosion inhibitors---------------------------------------------------- 201
Table 7.6. Time to Corrosion Initiation at 10mm cover bars of high quality concrete
specimens made from OPC, OPC/GGBS and OPC/PFA cement blends  203
Table 7.7. Time to penetration. Half-cell Potential and Corrosion Current values before 
and after the application o f the Sika-903 corrosion inhibitor in poor quality 
specimens at 10mm cover bars----------------------------------------------------------------  205
Table 8.1. Chloride Ion content o f concrete specimens at 25-40mm cover depth taken at
the end of the study (after 4 years)-----------------------------------------------------------  221
Xll
LIST OF FIGURES
Figure. 2.1 Influence of the aggregate size and mineralogy on compressive strength----------------  9
Figure. 2.2 The relation between strength and total water/cement ratio-----------------------------------  10
Figure. 2.3 Theoretical volumetric proportions o f cement paste at different stages of hydration— 11
Figure. 2.4 Microstructural developments in cement paste--------------------------------------------------  13
Figure. 2.5 Schematic representation o f corrosion in concrete of low water-cement ratio-----------  30
Figure. 2.6 Schematic representation of corrosion in concrete of high water-cement ratio  30
Figure. 2.7 Surface preparation when corroded reinforcement is encountered----------------------------31
Figure. 2.8 Removal of a defective area o f concrete and exposure of steel by water jetting  32
Figure. 2.9 Calcium nitrite corrosion inhibitor total corrosion versus time in 3 % NaCl---------------43
Figure. 2.10 Corrosion rate (qm/year) o f steel in concrete with different inhibitors---------------------44
Figure. 2.11 Corrosion process with and without Sika FerroGard------------------------------------------ 46
Figure. 2.12 Steel in concrete containing chlorides------------------------------------------------------------  48
Figure. 2.13 Steel in the chloride-containing concrete; with and without SIKA Ferrogard- 903— 49
Figure. 2.14 Atomic concentration ratio o f nitrogen to silicon versus depth of penetration
for Sika FerroGard in concrete b locks------------------------------------------------------------  50
Figure. 3.1 Change in strength o f concrete at a constant W/C ratio between 1940 and 1990-------- 65
Figure. 4.1 Ponding specimen showing location of reinforcing steel bars------------------------------- 84
Figure. 4.2 The prepared Mould with the Embedded Reinforcement-------------------------------------  85
Figure. 4.3 Schematic Illustration of Typical Reinforcement Bar------------------------------------------  8 6
Figure. 4.4 Curing conditions o f Specimens in the Curing Room------------------------------------------  8 8
Figure. 5.1 The various types of slumps---------------------------------------------------------------------------  94
Figure. 5.2 Vebe Apparatus------------------------------------------------------------------------------------------  95
Figure. 5.3 Compacting factor apparatus-------------------------------------------------------------------------- 96
Figure. 5.4 Volume measurement technique---------------------------------------------------------------------  97
Figure. 5.5 Compressive strength apparatus------------------------------------------------------------------------98
Xlll
_____________________________________________________________________ List of Figures
Figure. 5.6 Cube failure under compressive load---------------------------------------------------------------- 98
Figure. 5.7 Initial surface absorption Test (ISAT) Apparatus------------------------------------------------  100
Figure. 5.8 Circuit diagram for measuring steel potentials-------------------------------------------------  101
Figure. 5.9 Saturated Calomel Electrode-------------------------------------------------------------------------  102
Figure. 5.10 Circuit diagram for measuring Polarization Resistance------------------------------------  103
Figure. 5.11 The experimental arrangement used for measuring Polarization Resistance  103
Figure. 6.1 Slump results for concrete mixes without corrosion inhibitors----------------------------  108
Figure. 6.2 Relative increase in the Slump of concrete mixes admixed with corrosion inhibitors
as to concrete mixes without corrosion inhibitors---------------------------------------------  109
Figure. 6.3 Vebe Time results for concrete mixes without corrosion inhibitors-----------------------  110
Figure. 6.4 Relative decrease in the Vebe Time of concrete mixes admixed with
corrosion inhibitors as to concrete mixes without admixed corrosion inhibitors  1 1 0
Figure. 6.5 Compacting Factor results for mixes without corrosion inliibitor-------------------------  j j j
Figure. 6 . 6  Relative decrease in the Compacting factor concrete mixes admixed with corrosion
inhibitors as to mixes without corrosion inhibitors------------------------------------------- \ \2
Figure. 6.7 Average 28 days density results of concrete mixes admixed without inhibitors  1 1 4
Figure. 6 . 8  Relative increase in the density of concrete mixes when admixed with
Sika-901 corrosion inhibitor------------------------------------------------------------------------
Figure. 6.9 Compressive strength development for high quality concrete (Mix 1)----  ^16
Figure. 6.10 Compressive strength development for good concrete (Mix 2)--------------- j I j
Figure. 6 .11 Compressive strength development for poor concrete (Mix 3)---------------- 2 2 y
Figure. 6.12 Relative 28 days compressive strength o f concrete admixed with corrosion
inhibitors as compared to the same mixes in the absence of the admixed 
corrosion inhibitors---------------------------------------------------------------------------------- 1 2 0
Figure. 6.13 400 Days ISAT results (inL/m^/s) from high, good and poor concrete specimens
without corrosion inhibitors----------------------------------------------------------------------- 1 2 2
Figure. 6.14 Relative increase in the ISAT results of specimens admixed with Sika-901
inhibitor as a percentage of results from specimens with no inhibitor----------------  1 2 2
XIV
List of Figures
Figure. 7.1 Expected general trend o f the Half-Cell Potential behaviour o f concrete specimen
subjected to the surface application of Sika-903 migratory corrosion inliibitor  ^ 2 5
Figure. 7.2 Expected general trend o f the current behaviour o f concrete specimen subjected
Sika 903 corrosion inhibitor--------------------------------------------------------------------------  226
Figure. 7.3 Expected general trend o f the Half-Cell Potential behaviour of concrete specimen
admixed with and without Corrosion Inhibitors------------------------------------------------  227
Figure. 7.4 Expected general trend o f the current behaviour of the concrete specimen
admixed with and without corrosion inhibitors-------------------------------------------------  227
Figure. 7.5 High Quality Control Specimen, 10mm cover (W/C=0.26)---------------------------------  229
Figure. 7.6 High Quality Control Specimen 100% OPC (W/C=0.26)-----------------------------------  230
Figure. 7.7 Good Quality Control Specimen 100% OPC (W/C=0.40)----------------------------------- 231
Figure. 7.8 Poor Quality Control Specimen 100% OPC (W/C=0.65)------------------------------------  232
Figure. 7.9 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (lO ) concrete specimen without inhibitor--------------------------  236
Figure. 7.10 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (20) concrete specimen without inhibitor--------------------------  237
Figure. 7.11 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (30) concrete specimen without inhibitor--------------------------  238
Figure. 7.12 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (lO S) concrete specimen-------------------------------------------------  239
Figure. 7.13 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (20S) concrete specim en------------------------------------------------  240
Figure. 7.14 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (30S) concrete specimen-------------------------------------------------  241
Figure. 7.15 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (lO D ) concrete specimen------------------------------------------------  242
Figure. 7.16 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (20D ) concrete specimen------------------------------------------------  243
XV
_____________________________________________________________________ List of Figures
Figure. 7.17 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (30D ) concrete specimen------------------------------------------------  144
Figure. 7.18 Average half-cell potentials and corrosion currents for steel bars at 10,25 and
40mm in (10) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  145
Figure. 7.19 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (20) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  146
Figure. 7.20 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (30) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  147
Figure. 7.21 Influence of concrete quality on the average half-cell potential and corrosion
currents for the 10mm bar in OPC concrete without corrosion inhibitors--------------  150
Figure. 7.22 Average half-cell potential and corrosion cinrent o f bars at 40mm cover depth 
in high quality OPC concrete containing no inhibitor, admixed with Sika-901 and 
admixed with DCI-------------------------------------------------------------------------------------  153
Figure. 7.23 Average half-cell potentials and corrosion currents for steel bars at 10mm cover 
embedded in poor quality OPC concrete with, and without, the application of 
Sika-903 corrosion inhibitor------------------------------------------------------------------------  156
Figure. 7.24 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (lO G ) concrete specimen without corrosion inhibitor------------ 158
Figure. 7.25 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (20G ) concrete specimen without corrosion inhibitor------------- 159
Figure. 7.26 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (30G ) concrete specimen without corrosion inhibitor-------------- 160
Figure. 7.27 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (lO GS) concrete specimen------------------------------------------------- 161
Figure. 7.28 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (20GS) concrete specimen------------------------------------------------  162
XVI
_____________________________________________________________________ List of Figures
Figure. 7.29 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (30GS) concrete specimen------------------------------------------------- 163
Figure. 7.30 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (lOGD) concrete specimen------------------------------------------------  164
Figure. 7.31 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (20GD) concrete specimen------------------------------------------------  165
Figure. 7.32 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (30GD) concrete specimen------------------------------------------------  166
Figure. 7.33 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (lO G) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated-------------------------------------------------------- 167
Figure. 7.34 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (20G) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated--------------------------------------------------------  168
Figure. 7.35 Average half-cell potentials and corrosion currents for steel bars at 10,25 and
40mm in (30G) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated--------------------------------------------------------  169
Figure. 7.36 Influence of cement blends on the average half-cell potential and corrosion 
currents for the 10mm bars in poor quality OPC and GGBS concretes without 
corrosion inhibitors--------------------------------------------------------------------------------------  171
Figure. 7.37 Average half-cell potential and corrosion current of bars at 10mm cover depth
in high quality GGBS concrete containing no inhibitor, admixed with Sika-901 and 
admixed with DCI---------------------------------------------------------------------------------------  174
Figure. 7.38 Average half-cell potentials and corrosion currents for steel bars at 40mm
cover in (30  and 30G ) with surface applied Sika-903 corrosion inhibitor------------  176
Figure. 7.39 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (lO P) concrete specimen without corrosion inhibitor----------- 178
Figure. 7.40 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (20P) concrete specimen without corrosion inhibitor----------- 149
XVI1
_____________________________________________________________________ List of Figures
Figure. 7.41 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (30P) concrete specimen without corrosion inhibitor------------ 180
Figure. 7.42 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (1 OPS) concrete specimen-----------------------------------------------  181
Figure. 7.43 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (20PS) concrete specimen-----------------------------------------------  182
Figure. 7.44 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (3OPS) concrete specimen-----------------------------------------------  183
Figure. 7.45 Average half-cell potentials and corrosion currents for steel bars at 10,25, and
40mm embedded in (lO PD) concrete specimen----------------------------------------------  184
Figure. 7.46 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (20PD) concrete specimen----------------------------------------------  185
Figure. 7.47 Average half-cell potentials and corrosion currents for steel bars at 10, 25, and
40mm embedded in (30PD) concrete specimen----------------------------------------------  186
Figure. 7.48 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (lO P) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  187
Figure. 7.49 Average half-cell potentials and corrosion currents for steel bars at 10,25 and
40mm in (20P) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  188
Figure. 7.50 Average half-cell potentials and corrosion currents for steel bars at 10, 25 and
40mm in (30P) concrete specimen treated with Sika-903 surface applied corrosion 
inhibitor after corrosion had been initiated------------------------------------------------------  189
Figure. 7.51 Influence of concrete quality on the average half-cell potential and corrosion
currents for the 10mm bar in PFA concrete without corrosion inhibitors---------------  192
Figure. 7.52 Influence of cement blends on the average half-cell potential and corrosion 
currents for the 10mm bars in poor quality OPC and PFA concretes without 
corrosion inhibitors------------------------------------------------------------------------------------  193
xviu
_____________________________________________________________________ List of Figures
Figure. 7.53 Average half-cell potential and corrosion current of bars at 40mm cover depth in 
high quality PFA concrete containing no inhibitor, admixed with Sika-901 and 
admixed with DCI-------------------------------------------------------------------------------------
Figure. 7.54 Average half-cell potentials and corrosion currents for steel bars at 10mm cover 
embedded in poor quality PFA concrete with, and without, the application of Sika- 
903 corrosion inhibitor--------------------------------------- ---------------------------- ----------- 2 9 9
Figure. 7.55 Influence of cement blends on the average half-cell potentials and corrosion 
currents for the 10mm bars in poor quality OPC, GGBS and PFA concretes 
without corrosion inhibitors------------------------------------------------------------------------- 2 0 2
Figure. 7.56 Average half-cell potentials and corrosion currents for 10mm steel bars embedded
in poor quality (O, OS, OGS and OPS) concretes---------------------------------------------  204
Figure. 7.57 Average half-cell potentials and corrosion currents for steel bars at 10mm cover 
embedded in poor quality (O, OG and OP) concretes treated with Sika-903 surface 
applied corrosion inhibitor--------------------------------------------------------------------------  206
Figure. 8.1(a) 10mm Cover bar in poor quality control specimen ponded in water (scale: bar
diameter = 6 mm)-------- -------------------------------------------------------------------------  2 1 o
Figure. 8.1(b) 40mm Cover bar in poor quality control specimen ponded in water (scale: bar
diameter = 6 mm)---------------------------------------------------------------------------------- 2 1 0
Figure. 8.2(a) 10mm Cover bars in high quality control specimen ponded in water (scale: bar
diameter = 6 mm)---------------------------------------------------------------------------------- 2 1 1
Figure. 8.2(b) 40mm Cover bars in high quality control specimen ponded in water (scale: bar
diameter = 6 mm)---------------------------------------------------------------------------------- 2 11
Figure. 8.3(a) Photographs from poor quality OPC concrete specimen without corrosion
inhibitors ponded in 5% NaCl solution------------------------------------------------------ 2 1 2
Figure. 8.3(b) 10mm Cover bar in poor quality OPC concrete specimen with Sika-901
admixed inhibitor ponded in 5% NaCl solution------------------------------------------- 213
Figure. 8.3(c) 40mm Cover bar in poor quality OPC concrete specimen with Sika-901 admixed
inhibitor ponded in 5% NaCl solution-------------------------------------------------------  2 13
XIX
_____________________________________________________________________ List of Figures
Figure. 8.4(a) 10mm Cover bars in OPC/GGBS specimens made o f high quality concrete with
and without admixed Sika-901 inhibitor ponded in 5%Nacl solution--------------  214
Figure. 8.4(b) 40mm Cover bars in OPC/GGBS specimens made of Poor quality concrete with
and without admixed Sika-901 inhibitor ponded in 5% N ad  solution------------ 214
Figure. 8.5(a) 10mm Cover bar in OPC/PFA specimens made of high quality concrete without
corrosion inhibitor ponded in 5%Nacl solution-------------------------------------------  215
Figure. 8.5(b) 10mm Cover bar in OPC/PFA specimens made of high quality concrete with
Sika-901 admixed inhibitor ponded in 5% N ad ------------------------------------------ 215
Figure. 8 .6 (a) 40mm Cover bar in OPC/PFA specimens made of high quality concrete without
corrosion inhibitor ponded in 5%Nacl solution-------------------------------------------  216
Figure. 8 .6 (b) 40mm Cover bar in OPC/PFA specimens made o f high quality concrete with
Sika-901 admixed inhibitor ponded in 5% N ad------------------------------------------ 216
Figure. 8.7(a) 40mm Cover bar in OPC/PFA specimens made o f poor quality concrete without
corrosion inhibitor ponded in 5%Nacl solution-------------------------------------------  217
Figure. 8.7(b) 10mm Cover bar in OPC/PFA specimens made o f poor quality concrete with
Sika-901 admixed inhibitor ponded in 5% N ad------------------------------------------ 217
Figure. 8 .8 (a) 40mm Cover bar in OPC/PFA specimens made of poor quality concrete
without corrosion inhibitors ponded in 5% N ad  solution------------------------------ 218
Figure. 8 .8 (b) 40mm Cover bar in OPC/PFA specimens made of poor quality concrete with
Sika-901 admixed inhibitors ponded in 5% N ad----------------------------------------- 218
Figure. 8.9(a) 10mm Cover bar in poor quality OPC concrete specimen without corrosion
inhibitors ponded in 5%Nacl solution-------------------------------------------------------  219
Figure. 8.9(b) 10mm Cover bar in poor quality OPC concrete specimen treated with Sika-903
migratory inhibitor ponded in 5%Nacl solution-------------------------------------------  219
Figure. 8.10 Chloride Ion concentrations at depth between 25-40mm cover depth of
specimens made from high, good and poor quality concrete---------------------------  2 2 1
XX
LIST OF ABBREVIATIONS
ACI
ASTM
OPC
GGBS
PFA
MK
MS
M
C2S
C3S
C3A
C4A F
CH
Gypsum
Ettringite
C aC 03
CO2
C-S-H
C-A-H
C-A-S-H
N ad
SIO
ASR
cr
Sika-901
The American Concrete Institute
The American Society for Testing and Material
Ordinary Portland Cement
Ground Granulated Blast Furnace Slag
Pulverized Fuel Ash
Metakaolin
Microsilica
Mole
Dicalcium Silicate (2 Ca0 .Si0 2 )
Tricalcium Silicate (3 CaO.Si0 2 )
Tricalcium Aluminate (3 Ca0 .Al2 0 3 )
Teracalcium Aluminoferrite (4CaO. AI2O3, F2 O3) 
Lime (Calcium Hydroxide Ca(0H)2)
Calcium Sulphate (CaS0 4 )
Calcium Sulphoaluminate (C6  A S 3H32)
Calcium Carbonate 
Carbon Dioxide 
Calcium Silicate Hydrate 
Calcium Aluminate Hydrate 
Calcium Aluminate Silicate Hydrate 
Sodium Chloride 
Sikament 1 0  Superplasticiser 
Alkali Silica Reaction 
Chloride ion Content
Multifunctional Admixed Corrosion Inhibitor
XXI
List of Abbreviation
DCI Calcium Nitrite Based Admixed Corrosion Inhibitor
Sika-903 Migratory Corrosion Inhibitor
Mix I High Quality Concrete (0.26 W/C)
Mix 2 Good Quality Concrete (0.40 W/C)
Mix 3 Poor Quality Concrete (0.65 W/C)
Mix 0 100% OPC Concrete
Mix OG (30% GGBS + 70% OPC) Concrete
Mix OP (25% PFA + 75% OPC) Concrete
Mix OS OPC Concrete admixed With Sika-901 Inhibitor
Mix OD OPC Concrete admixed with DCI Inhibitor
Mix OGS OPC/GGBS Concrete admixed With Sika-901 Inhibitor
Mix OGD OPC/GGBS Concrete admixed with DCI Inhibitor
Mix OPS OPC/PFA Concrete admixed With Sika-901 Iiihibitor
Mix OPD OPC/PFA Concrete admixed with DCI Inhibitor
ISAT Initial Surface Absorption Test
W/C Free Water-Cement Ratio
Icorr Corrosion Current (mA/m^)
Ecorr Corrosion Potential (mV)
xxii
CHAPTER 1 INTRODUCTION
1.1 Introduction
In spite o f modern methods of design and quality assurance and control procedure in 
construction, structures still exhibit durability related failures, especially where new 
ground is broken. Reinforced concrete has long been regarded as a durable material. 
There are many examples of structures that have performed well and consequently 
have represented an economic solution. Lately, however, the durability of reinforced 
concrete has been the topic of general concern.
The magnitude of the problems caused by corrosion o f steel structural parts in 
concrete is one o f the largest infrastructure problems facing all countries around the 
world and an increasing amount of damage is being reported due to corrosion of the 
reinforcing steel. Current estimates suggest the deterioration of reinforced concrete 
bridge stock alone cost the UK economy £550 million per annum [1.1]. Another 
recent report values the cost o f repairing the trunk road and motorway stock over the 
next 1 0  years at an estimated cost of £616 million [1 .2 ].
The need to produce safe and durable structures is now recognised in most codes and 
standards covering reinforced concrete. For example in the UK, BS 8110, BA 5701 
and BD 570 [1.3] clearly stimulate measures to be taken in design in order to ensure 
durability. Similar approaches are used in the American, European and Japanese 
codes [1.4-1.6].
The deterioration problems arising within reinforced concrete structures differ from 
one place to another around the world. Aggressive natural environments, industrial, 
atmospheric and ground pollution, poor detailed design and economic pressures which 
led to a reduction in construction time, often at the expense of good workmanship, all 
contribute towards a structure’s deterioration.
The main cause of deterioration o f reinforced concrete structures and bridges is 
chloride ion induced corrosion of steel reinforcement. The chloride ions are usually 
derived from the de-icing salts used to maintain the roads in a safe condition during 
the winter months. The chloride ions penetrate the concrete in solution, disrupt the 
passive oxide film, which nonnally prevents the steel from corroding, and promote 
dissolution o f the steel. Commonly this can lead to a fonn of localised corrosion
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referred to as pitting corrosion which results in rapid loss of section. Chloride ions can 
also promote rapid general corrosion o f the reinforcement and hence the products of 
the corrosion reactions have greater volume than the original steel tensile bursting 
forces generally in the surrounding concrete.
Even a small amount of corrosion product can generate the forces necessary for 
concrete to crack, which allows easier access to the steel and the corrosion rate 
accelerates. As the corrosion proceeds the loss of concrete can cause safety problems 
from spailing concrete and eventually structural problems.
The rate and development of corrosion can be influenced by several parameters such 
as oxygen supply, moisture content and chloride concentration. It is a known fact that 
aqueous corrosion can only take place if oxygen and water are present at the bar 
depth, and it is also known that presence o f chloride ions will initiate the corrosion of 
steel even at high pH.
The rate of corrosion increases with increasing chloride concentration [1.7]. Based on 
these well-known facts o f corrosion science various protection methods were 
introduced over the last three decades world-wide.
Most of these methods were based on the use o f high quality concrete where low 
permeability and sufficient concrete cover depth delay reinforcement corrosion by 
reducing the rate of chloride penetration into the concrete. Protective coatings, sealers 
and overlays are also used on concrete surfaces in order to prevent rapid chloride 
ingress into concrete. Good design shall also be employed includes good drainage to 
prevent standing water.
Modern repair methods and materials can now offer an excellent solution for most 
fonns of deterioration in reinforced concrete structures. These measures imply high 
expenditure but, bearing in mind the strategic and economic importance of structures 
and the costly implications of failure due to neglect, such programs are undoubtedly 
cost-effective if procedures are optimised.
However, current experience, supported by recently published research [1.8], suggests 
that there remain improvements to be made with this approach. Given that, there are a 
substantial number of existing structures, which are suffering deterioration, there is a 
growing demand for repair and maintenance o f reinforced concrete structures.
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To date there are no National Standards for such materials within the UK to which the 
engineer can refer, nor is there a widely available data-base of infonnation on the 
perfonnance of repair materials in specific applications. The best, and frequently only, 
source o f information is that available from the manufacturers of the material 
themselves. In some cases this may be in the form of a British Board of Agreement 
Certificate [1.9].
Additionally, some manufacturers may be able to provide technical support for their 
materials and demonstrate the development work with practical examples of where 
the material has been used. Frequently however, the notion that the material has 
worked is based on a lack of visible signs o f distress, or, more frequently, the fact that 
it has not yet fallen off.
Only one form of concrete attack is dealt with in this study, namely chloride attack. 
Several methods of corrosion protection are currently being used to extend the life of 
reinforced concrete structures in a chloride environment.
Corrosion inhibitors have recently been widely promoted for the protection of 
reinforced concrete from deterioration [2.6.22]. The advantages o f chemical 
inhibitors over more conventional techniques, [2.6.2.3] is that they can be 
incorporated during mixing, allowing uniform distribution throughout the concrete, 
protecting the steel, and the concrete’s low permeability prevents the inhibitors from 
being lost. Assuming that they are effective in delaying and suppressing chloride 
induced corrosion. The main disadvantage to overcome is preventing them having any 
adverse effects on the concrete properties in the fresh and hardened states.
Chapter 1 : Introduction
1.2 Objectives
The general principles o f this research aim to assess the effectiveness of corrosion 
inhibitors to increase the time to corrosion initiation and / or decrease corrosion rates 
for steel reinforcement in concrete. Detailed investigations into the effectiveness of 
the different types of corrosion inhibitors in controlled environments and their 
application on different cements have been carried out in this research. The depth, and 
main objectives of this research, can be summarised as follow:
1- To assess the impact o f the various admixed corrosion inhibitors on short, and 
long-tenn, properties o f the fresh and hardened concrete in the laboratory.
2- To assess the ability o f two commercially available corrosion inhibitors (one 
inorganic and one organic) to suppress corrosion rates in steel reinforcement 
embedded in concrete mixes o f different quality and mix constitution.
3- To determine the maximum chloride ion level at which corrosion inhibitors can 
be effective, and to define the effective quantity required.
4- To examine the relationship between the half-cell potential, corrosion current 
and the effectiveness of corrosion inhibitor.
5- To develop a clearer understanding o f the main parameters likely to influence 
inhibitor ‘efficiency’ and long-term effectiveness in modern reinforced 
concrete structures made from Portland cement and blended cement concrete.
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CHAPTER 2 LITERATURE REVIEW
2.1 Introduction to Concrete
The ability to manufacture cement, concrete and the basic idea of reinforcement are 
not new to this century. Their use is well documented throughout history. Lime mortar 
was known in the Minoan civilisation o f Crete around 2000 BC [2.1]. This knowledge 
was used extensively through the later cultures of the Middle East and the 
Mediterranean, including early Rome. Lime mortar does not harden under water and it 
was around the 3"^  ^ century BC, when the Romans discovered that a sandy volcanic 
ash, when mixed with lime mortar, produced a binder substance that hardened under 
water. The name “pozzolanic cements” used today to describe cements obtained from 
the grinding o f natural materials at nonnal temperature takes its name from the village 
o f Pozzuoli, near Vesuvius, where this sandy volcanic ash was first found. This was 
the first true hydraulic cement impervious to the action of water. This cement was 
then extended by the addition of crushed brick, stone and broken tiles to produce 
concrete [2 .2 ].
Roman expertise with the production o f concrete was largely lost for over 1000 years 
to be re-discovered just before 1800 AD by John Smeaton among others. His work 
with mortars containing pozzolana mixed with limestone containing a considerable 
proportion of clayey matter, previously thought undesirable, allowed an understanding 
into the chemical properties of hydraulic lime. This led the way for other 
breakthroughs such as the ‘Roman cement’ obtained by James Parker and finally the 
patent for ‘Portland cement’ taken out by Joseph Aspdin in 1824 [2.1]. This cement 
was prepared by heating a mixture of finely divided clay and hard limestone in a 
furnace until the CO2 had been driven off and the clay and limestone had sufficient 
time to sinter and produce the basic calcium alluminate necessary.
In the 1850’s came the idea of encasing steel bars and steel meshes within the 
Portland cement concrete for added tensile strength. Throughout the world research 
was being carried out and in the early 1900’s many patents were issued the main 
difference between them being the shape of the steel and the manner in which it was 
bent. Since that time the growth o f knowledge o f reinforced concrete has been very 
rapid and widespread, not least regarding the codes of practice relating to its design.
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2.1.1 Basic Theory of Concrete
Basic to the understanding o f concrete mix design is an appreciation that all properties 
o f concrete vary during production from day to day, from batch to batch and even 
within any batch. Thus, for any given design, strict controls have to be in place to 
maintain the desired properties. The other problem involves designing a concrete mix 
consisting of the correct proportions o f cement, fine and coarse aggregate and water to 
produce concrete having the specified properties. Sometimes additional ingredients 
such as groimd granulated blast furnace slag (GGBS), pulverised-fuel ash (PFA), or 
other admixtures are used.
There are many properties of concrete that can be specified, e.g. workability, strength, 
density, thermal characteristics, elastic modulus and durability requirements. The 
properties most usually specified are:
i) The workability of fresh concrete,
ii) The compressive strength at a specified age, and
iii) The durability when exposed to the particular environment for which it is
designed.
The mix design process must take account of these factors and in the engineering 
industry this is most effectively achieved by using precast units or ready mixed 
concrete, as both can be manufactured under carefully controlled conditions [2.3].
Plain concrete is a composite material which, on a macroscopic scale, consists of 
coarse granular material (the aggregate) embedded in a hard matrix o f material (the 
cement paste or binder) that fills the space between the particles and glues them 
together. The aggregate normally takes up to 70-80% of the volume of the composite. 
While fresh, the cement paste provides the Tubricanf which reduces the friction 
between the aggregate particles and controls the level o f workability o f the fresh mix. 
When hardened, the paste binds together the particles of aggregate and in most cases 
becomes the critical constituent controlling the strength and durability of the hardened 
composite.
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2.1.1.1 Ordinary Portland Cement
In its unhydrated form the composition of Ordinary Portland cement [2.4], (This term 
has been removed from recent British and European codes which refer to Portland 
Cement, class 42.5) would typically be as follows.
C h e m ic a l  NAME C h em ic a l S h o r t h a n d P erc e n t
FORMULA NOTATION BY
WEIGHT
Tricalcium silicate 3Ca0.Si02 C3S 50
Dicalcium silicate 2 Ca0 .Si0 2 C2S 25
Tricalcium Aluminate 3Ca0.Al203 C3A 1 2
Tetracalcium aluminoferrite 4Ca0.Al203Fe203 C4AF 8
Calcium sulphate dihydrate (gypsum) CaS0 4 .2 H2 0 CSH2 3
Table 2.1 Composition o f a typical Ordinary Portland cement [2.41
It is the first two components in Table 2.1 that are the most important as they provide 
the cementing action. This chemical combination with water is known as hydration. 
The finer the cement particles, the greater the surface area of the cement available for 
hydration, and consequently the more rapid and the more complete is the reaction. 
This in turn increases the early strength developed. Fineness is generally measured in 
terms o f the specific surface of the cement determined in an air permeability 
apparatus; a typical value for Ordinary Portland cement would be 300m^/kg [2,5]. The 
higher the proportion o f C 3 S  relative to C 2 S ,  the more quickly strength is gained after 
mixing.
2.1.1.2 Aggregate
Aggregate is the granular material, such as sand, gravel, crushed stone or iron blast­
furnace slag used with a cementing medium to form hydraulic-cement concrete. Since 
approximately three-quarters of the volume o f concrete is occupied by aggregate, it is 
not surprising that its quality is of considerable importance. The aggregate is 
predominately responsible for the unit weight, elastic modulus and dimensional 
stability o f concrete.
Natural aggregates are formed by the process of weathering and abrasion, or by 
artificially crushing a larger parent mass. Thus, many properties of the aggregate
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depend on the properties of the parent rock, e.g. chemical and mineral composition, 
specific gravity, hardness, strength, physical and chemical stability, pore structure etc.
Also the physical characteristics of the aggregate particles such as particle size and 
shape surface texture and absorption, all have a considerable influence on the quality 
of the fresh or hardened concrete. Figure 2.1 shows the influence of aggregate size on 
the compressive strength o f concrete.
It has been found that the two characteristics of aggregate particles that most affect 
the properties of concrete are particle shape and surface texture [2.6]. Particle shape 
mainly affects the workability o f the concrete, and the surface texture affects the bond 
between the matrix and the aggregate particles and thus the strength of the concrete.
The type o f aggregate used becomes of more importance for concrete requiring a high 
final strength. Methods o f mix design for concrete having a high specified strength are 
described by Shacklock [2.7]. Thus if the specified strength at 28 days is 50 N/mm^ or 
greater then it may be necessary to use a crushed aggregate rather than an uncrushed 
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Figure 2.1 Influence of the aggregate size and mineralogy on compressive
strength of concrete 12.51
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2.1.1.3 Water
The quality o f the water used plays an important role in the strength and durability of 
the hardened concrete. Impurities in water used for mixing concrete may interfere 
with the setting of the cement, may adversely affect the final strength of the concrete 
or cause staining o f its surface, and may also lead to corrosion of the reinforcement. 
Mixing water should not contain undesirable organic substances or inorganic 
constituents in excessive proportions.
There are, however, no standards explicitly prescribing the quality of mixing water 
available. In many project specifications, the quality o f the water is covered by a 
clause saying that water should be fit for drinking. Such water very rarely contains 
dissolved inorganic solids in excess of 2 0 0 0  parts per million (ppm), and as a rule less 
than 1000 ppm [2 .2 ]. A simple way of detenuining the suitability of such waters is to 
compare the setting time of the cement and the compressive strength o f mortar cubes 
using both the test water and water o f known composition. The appendix to BS 3148: 
1980, includes information on the presence o f any impurities within the water and 
what testing should be carried out.
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Figure 2.2 The relation between strength and total water/cement ratio
1 0
Chapter 2: Literature Review
The quantity of the water present in relation to the quantity o f cement determines the 
porosity and hence strength o f the hardened cement paste at any stage o f hydration. 
Figure 2.2 shows the relationship between strength and total water/cement ratio and 
the influence of voids resulting from incomplete compaction.
As a result of the hydration process water can take one of three fonns: Combined 
water, capillary water and gel water.
The capillary pores represent the space not filled by the solid components of the 
hydrated cement paste. The pores reduce in volume and size with the progress of 
hydration. The final volume and size o f these voids is dependent upon the free 
water/cement ratio and the degree of hydration. These capillary pores can be empty or 
full of water, depending on the quantity o f the original mix water and whether any 
additional water could ingress during hydration. Capillary pores are much larger than 
gel pores (diameter of about 10 to 50 mm). It is the interconnection of these capillary 
pores that is mainly responsible for the permeability o f the hardened cement paste and 
its vulnerability to frost. The difference in volumetric proportions of cement paste at 
different stages of hydration can be seen in Figure 2.3.
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Àk 7.4 ml e m p t y  
capil lary p o r e s
33.5 ml 
capil l aty
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7.0 ml 
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Figure 2.3 Theoretical volumetric proportions o f cement paste at different stages
of hydration: w/c = 0.47 12.81
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2.1.2 The Hydration Process
Immediately after the unhydrated cement particles are mixed with water, they disperse 
into an aqueous solution. This aqueous phase is essentially a solution of the 
hydroxides and sulphates o f calcium, sodium and potassium tending towards the 
following equilibrium:
CaS0 4  + 2M 0H  <=> M 2 S O 4  + Ca(0 H )2
Where M is either K (potassium) or Na (sodium) or both.
It is the presence of small quantities of readily soluble NaOH and KOH derived from 
the cement that gives the system a pH value in excess of 13. The presence of the more 
sparingly soluble Ca(0 H )2  buffers the system to resist downward pH changes at a 
level of about 12.5.
After the first few hours after the addition of the water, the hydration reaction rate 
increases producing an increasing stiffness and eventual setting of the matrix. The 
hydration products o f both C 2 S  and C 3 S  are essentially the same, namely a calcium- 
silicate-hydrate with the approximate fonnula C 3 S 2 H 3 ,  and commonly referred to as 
C - S - H .
2 C3S
tricalcium
silicate
2 C2S
dicalcium
silicate
+ 6 H —> C 3 S 2 H 3 +
water C - S - H
+  4 H  — > C 3 S 2 H 3  +
water C - S - H
3CH
calcium
hydroxide
CH
calcium
hydroxide
The calcium-silicate-hydrate formed during hydration, fonns a coating around the 
cement grains binding the residual cement grains together. The binding occurs since 
the hydration products occupy a greater volume than the original cement compounds 
-  1ml o f dry cement becoming 2.1ml of hydration product. As hydration proceeds, 
further hydration products, including calcium hydroxide, are precipitated from the 
saturated solution in the capillary pores or spaces.
1 2
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Figure 2.4 Microstructural developments in cement paste 12.91
As the hydrate layer around the individual grains of calcium silicate grows, the 
cement grain effectively increases in size and the regions of C-S-H begin to intermesh 
as shown in Figure 2.4. This produces a bond between the cement grains, with the 
points of contact growing in both area and number as hydration proceeds. C-S-H 
makes-up about one half to two thirds of the volume of a hydrated cement paste and 
therefore dominates its behaviour.
The calcium hydroxide is deposited as hexagonal crystalline plates, of order tens of 
microns across, which occupies about 20-25% of the cement paste volume. These 
crystals may later merge into a massive deposit. The pH of a saturated calcium 
hydroxide solution is about 1 2 . 6
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The C3A present in the cement reacts violently with water, leading to an undesirable 
flash set. The reaction can be written as:
C 3 A  + 6 H —> C 3 A H 6
tricalcium water calcium aluminate
aluminate hydrate
Gypsum is added to control this process and works by reacting with the C 3 A  to form 
insoluble calcium sulphoaluminate, the solubility o f C 3 A  being depressed in the 
presence of hydroxyl, alkali, and sulphate ions.
In the presence o f sulphate ions supplied by the dissolution o f gypsum, an insoluble 
calcium sulphoaluminate, commonly called ettringite, is formed:
C 3 A  +  3 C S H 2  +  2 6 H  — > CgA S 3 H 3 2
tricalcium gypsum water ettringite
aluminate
If all the sulphate is consumed before the C 3 A  has completely hydrated, the ettringite 
becomes unstable and transfonns to calcium monosulphoaluminate:
2 C3A + C6A S 3H32 + 4H -> 3 C4 A S H 12
tricalcium gypsum water monosulphoaluminate
aluminate
If  the calcium monosulphoaluminate in the hardened cement paste is brought into 
contact with a new source of sulphate ions, then ettringite can reform with an 
associated increase in volume. This is the basis for sulphate attack of Portland cement 
so the amount of gypsum added to the cement is carefully controlled in accordance 
with BS12: 1978, A maximum of 2.5% when the C 3 A  content is not more than 5 %, 
and up to 3 % when the content o f C 3 A  exceeds 5 % [2.4]. The hydration of calcium 
aluminoferrite is similar to that o f C 3 A  in that gypsum reacts with C 4 A F  to form 
sulphoaluminate as well as calcium sulphoferrite.
14
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2.2 Durability of Reinforced Concrete
2.2.1 Mix design
The aim of any mix design process is to produce a fresh concrete that has adequate 
cohesion and workability to allow it to be handled, placed and properly compacted 
without causing segregation or bleeding or other unwanted effects. The hardened 
concrete that results should have adequate strength and stiffness and not be subject to 
unwanted cracking due to short-term thermal, or long term slirinkage effects. To 
ensure adequate durability it is important to place limits on the allowable free water 
/cement ratio [2.10] and in harsh environments consider alternatives to Portland 
cement. The main parameters in the mix design are;
2.2.1.1 Free water/cement ratio
A low water / cement ratio dose not assure concrete low permeability since the 
concrete must also be properly proportioned and consolidated. Numerous 
testes have shown that reinforced concrete made with free water /  cement 
ratios of 0.32 -  0.40, and adequate cover over the steel, perfonns significantly 
better than concrete made with free water / cement ratios of 0.50 -  0.60 [2.10].
2.2.1.2 Cement type
A range o f cement types exist that have been developed for different 
applications including Ordinary Portland Cement (OPC), Low Heat Portland 
Cement (LHPC), Rapid Hardening Portland Cement (RHPC), Sulphate 
Resisting Portland Cement (SRPC), Super Sulphated Portland Cement 
(SSPC), and High Alumina Cement (HAC). Recent years have seen an 
increase in the use o f cement blends with a range of pozzolanic materials 
including PFA, GGBS, Microsilica and Metakoalin. Modem European codes 
contain some 27 separate classes o f cement divided into 5 main types [2.11]
It is important to realise that although one cement may be superior to another 
in one environment, it may well be inferior if exposed to a different 
environment.
15
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2.2.1.3 Cement content
Increasing cement content at a fixed free water -  cement ratio increases the 
proportion o f free water in the fresh concrete and results in a more workable 
mix. The resulting increase in cement paste volume can usually be expected to 
result in a more cohesive mix that subject to limitations will show improved 
resistance to chemical attack once hardened.
2.2.2 Compaction
Poor compaction results in the formation o f air voids in the mix thus increasing the 
porosity and reducing the strength in the hardened concrete. Therefore adequate 
workability in the fresh concrete is required in order to achieve good compaction 
[2.12]. This must not be at the expense o f bleeding or segregation of the mix and 
hence a balance must be struck between cohesion and workability.
2.2.3 Curing
The permeability of concrete depends on the volume of the pores in the cement paste 
and their size and continuity. It can be shown that for different water-cement ratios the 
time required to block continues capillary pores with gel varies [2.13]. Thus proper 
curing, coupled with a low w/c ratio, is required to produce a low permeability and 
hence durable concrete. It is important to note that due to their slower hydration 
reaction proper curing is even more critical when using blended cements [2.14].
2.2.4 Cover
Concrete acts as a physical and chemical barrier protecting the embedded steel. I f  the 
cover is low the time taken for aggressive agents, such as chloride ions, to reach the 
reinforcement will decrease and thus the time to onset of steel corrosion will be 
reduced. This is particularly important since locations of low cover are places where 
cracks tend to appear and these reduce the effective cover depth still further. 
Extensive tests [2.15] have shown that 25mm cover is inadequate for severe corrosion 
environments even if the concrete has water-cement ratios as low as 0.3. It should be 
noted that because of construction tolerance, a design cover o f 65mm is needed to 
obtain minimum cover o f 50mm over 90 to 95% of the reinforcing steel [2.16].
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2.2.5 Coatings
It is the surface layer of the concrete which is most prone to inadequate curing due to 
drying. But this layer is also the most important for protecting the rebars. Indeed in 
many structures there is a significant difference between the permeability and the 
porosity of concrete in the bulk Tieartcrete’ and that in the cover zone. Given the 
critical importance o f the surface cover concrete in stopping the ingress of aggressive 
ions, coatings are some times used to improve performance. However coatings carry 
with them an implication for on going maintenance in the hence should not be 
routinely used to cover up inadequacies in the mix design or constituencies.
2.3 Corrosion of Steel in Concrete
The corrosion o f steel in concrete is an electrochemical process. The electrochemical 
potentials to form the corrosion cells may be generated in two ways:
i. Composition cells may be fonned when two dissimilar metals are embedded 
in concrete, such as steel rebars and aluminium conduit pipes, or when 
significant variations exist in surface characteristics of the steel. This is also 
known as bimetal corrosion [2.17].
ii. Concentration cells may be formed due to differences in concentration of
dissolved ions in the vicinity of steel, such as alkalies, chlorides and 
oxygen.
For either o f the two electrochemical potentials to occur, and thus corrosion to take 
place, requires five components to occur:
i. Anode -  the site where the metal goes into solution and electrons are 
liberated
ii. Cathode -  the site where the electrons are consumed
iii. Electrical contact between the anode and the cathode (allows electron 
transfer between the two sites)
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iv. Electrolyte -  a solution in contact with both the anode and cathode areas in 
which conduction of electric current occurs by transport of dissolved cations 
and anions
V. A cathodic reactant -  a specie which consmnes the electrons at the cathode 
and is reduced
When there exists a difference in electrical potential along the steel in the concrete, an 
electrochemical cell is set up: anodic and cathodic regions form, connected by the 
electrolyte in the form of pore water in the hardened cement paste.
The positively charged ferrous ions, Fe%  at the anode pass into solution equation 2.1, 
while the negatively charged free electrons pass through the steel to the cathode site, 
where they combine with the water and oxygen to form hydroxyl ions, (OH)", 
equation 2 .2 .
These travel through the electrolyte and combine with the ferrous ions to fonn ferrous 
hydroxide, equation 2.3. This is then converted by further oxidation to voluminous 
rust, equation 2.4.
Anodic reactions:
Fe Fe'"'" + 2 e Equation 2.1
Cathodic Reaction:
O2 + 2 H2O + 4e 4(0H )' Equation 2.2
2Fe + O2 + 2 H2O => 2 Fe(OH )2 Equation 2.3
4 Fe(OH )2  + 2 H2O + O2 => 4Fe(0H)] Equation 2.4
Steel in concrete is protected against corrosion by the process of passivation. This 
passivation is due to the alkalinity of the concrete [the pH-value o f the pore water can 
run up to pH > 12.5]. In the case o f such high pH-values, a stable microscopic 
hydrated oxide layer is formed on the steel surface, the so-called passive film. This 
passive film impedes the further dissolution of iron and polarises the cathodic reaction 
by isolating the metal surface from the oxygen and water and significantly reduces the 
corrosion rates.
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If the concrete is penneable to the extent that carbonation reaches the concrete in 
contact with the steel [2.4.1, 2.4.2], or soluble chlorides can penetrate right up to the 
reinforcement, and water and oxygen are present, then corrosion of reinforcement will 
take place. The passive iron oxide layer is destroyed when the pH falls below about 
11 and carbonation lowers the pH to about 9.
It is normally that oxygen is consumed and water is regenerated which is needed for 
the process to continue. That is why there is no corrosion in dry concrete, probably 
below a relative humidity of 60 % [2 .2 ] nor is there corrosion in concrete fully 
immersed in water, except where water can entrain air, for example by wave action.
The transfonnation of metallic iron to rust is accompanied by an increase in volume 
which, depending on the state o f oxidation, may be as large as 600% of the original 
metal. It is this volume increase which is considered to be the principle cause of the 
eventual expansion, cracking and spailing of the cover concrete over the steel.
2.4 Causes of Corrosion in Concrete
2.4.1 Carbonation
Changes in the alkalinity o f concrete are as a result of the ingress o f acidic substances. 
The most common of these is carbonic acid, formed by the combination o f carbon 
dioxide and moisture from the atmosphere equation 2.5. This acid reacts with the 
alkaline components o f the concrete such as calcium hydroxide to form calcium 
carbonate and water, equation 2 .6 .
O 2  +  H 2 O  — > H 2 C O 3 Equation 2.5
C a ( 0 H )2  + H2C0 3  -> CaC0 3  + 2 H2 0  Equation 2.6
The above is a simplification of the carbonation process as the other alkalis within the 
concrete (NaOH and KOH) are also involved.
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2.4.2 Chloride ions
Chlorides may be found in both old and new concrete. In old concrete the source may 
have been calcium chloride accelerator and/or marine sand aggregate or salt spray. In 
new concrete the majority o f chlorides arise from the use o f de-icing salts and in 
special cases as a result of marine exposure or the use of marine aggregate. Table 2.2 
illustrates the anticipated corrosion risk for varying chloride contents.
The presence of chloride ions (Cl") is widely recognised as causing accelerated attack 
on reinforcing steel. Even at high pH-values, the chlorides depassivate the steel and 
increase the conductivity o f the concrete electrolyte, thereby speeding up the rate of 
attack. The risk o f corrosion due to chloride attack depends on the levels of free 
chlorides and hydroxyl ions in the pore solution. The factors that can have a bearing 
on these levels include:
• Increase in the chloride content of the concrete.
• Reduction in the cement content.
• Reduction in the chloride-complexing ability o f the cement (associated mainly 
with C]A content).
• Carbonation of the concrete.
Chloride by wt of cement Condition of concrete adjacent to 
reinforcement
Corrosion risk
Less than 0.4% 1 . Carbonated High
2. Uncarbonated, made with cement 
containing less than 8 % tri-calcium 
aluminate (C3A)
Moderate
3. Uncarbonated, made with cement 
containing 8 % or more C3A in 
total cementitious material
Low
0 .4 -  1.0% 1. As above High
2. As above High
3. As above Moderate
More than 1.0% All cases High
Table 2.2 Corrosion risk for varying chloride contents bv weight of cement 12.181
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A distinction should be made at this point between the types o f chlorides, those 
internal to the concrete, added in the mix, and those external to the concrete which 
later penetrate from outside. Those added to the mix may be there as a result of 
contaminated aggregates, mix water or a calcium chloride based admixture used to 
accelerate the cement hydration process. If the concrete is free from mixed-in 
chlorides the formation o f the passive film should have occurred undisturbed 
providing a barrier against external chloride attack. Those chlorides that penetrate 
from the outside can be as a result of exposure to de-icing salts marine environments 
etc.
The relevant authorities have recently imposed severe limitations on the use of 
accelerators and marine aggregate [2.18]. For example, BS 8110: Part 1:1997 limits 
the total chloride-ion content in reinforced concrete to 0.4 per cent by mass of cement. 
The same limit is prescribed by European Standard ENV 206:1992. The approach of 
ACI 318-89 (revised 1992) is to consider water-soluble chloride ions only [2.2].
Although cases will arise from corrosion problems associated with chlorides added to 
the concrete mix, the majority o f today’s problems result from future preventing to the 
ingress of external chlorides resulting from exposure to the salt-laden enviromneiits. 
These chlorides can be deposited on the surface o f the concrete in the form of very 
fine air-borne fine droplets o f seawater or o f air-borne dust that subsequently becomes 
wetted by dew. It has been proven that these air-borne chlorides can travel great 
distances: 2 km has been reported [2.19], although greater distances are probable 
based on local topography and wind pressures.
When concrete is pennanently submerged, chlorides can ingress to a considerable 
depth but, unless oxygen is present at the cathode, there will be little corrosion (active, 
low current corrosion). In concrete that is sometimes exposed to seawater and is 
sometimes dry, the ingress o f chlorides is progressive due to capillary absorption 
effects drawing the saline water deep into the concrete and subsequent evaporative 
drying leaving behind the dissolved chloride ions.
Support piles in seawater encounter the most severe corrosion conditions. The upper 
portion o f the pile dries out due to exposure to air, heat and sun, thus pulling chloride­
laden moisture upward from the concrete below the water surface. Bridge piles in 
warmer ocean-water have been known to deteriorate in as little as fifteen years. Even
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the bridge beams and girders are not immune; atmospheric chlorides have been 
known to contaminate concrete as high as 2 1 m above the waterline [2 .2 0 ].
A report by Lambert [2.21] et al also points out that the presence o f a given excessive 
amount o f chlorides in the original mix results in a more aggressive action, and 
therefore a higher corrosion rate, than when the same amount of chlorides have 
ingressed into the concrete in service.
The process simulated for this study in the laboratory is similar to that found in many 
coastal areas in hot countries where alternate wetting and drying o f the concrete 
surface can occur.
There are two methods o f chloride ingress: -
1. Capillary uptake into dry empty pores -  veiy fast and large quantities can be 
transported
2. Diffusion through water filled pores dovm a concentration gradient.
Dry concrete is very susceptible to the ingress o f moisture and in coastal areas that is 
provided by salt water. This absorption can continue until a saturated state is reached. 
If  the external conditions change to dry, the direction of movement o f water becomes 
reversed and water evaporates from the ends o f the capillary pores open to the 
atmosphere.
The salts present in the salt water are left behind during the evaporation process, only 
the pure water evaporates. Over time this causes an increase in the concentration of 
salts near the surface of the concrete.
The concentration gradient thus established drives the salts in the water near the 
surface of the concrete inwards, towards the zones o f lower concentration.
This process is one of diffusion in which the chloride ions migrate down on 
concentration gradient. The next cycle o f wetting with salt water will bring more salt 
present in solution into the capillary pores.
The concentration gradient now decreases outwards from a peak value at a certain 
depth from the surface, and now some salts may diffuse outwards. If, however, the 
wetting period is short and drying restarts quickly, the ingress of salt water will carry
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the salts well into the interior o f the concrete; subsequent drying will remove pure 
water, leaving the salts behind.
The exact extent of the movement o f salts depends on the wetting and drying cycles. 
This sequence of wetting and drying varies from location to location, depending on 
the movement o f the sea and on the wind, on exposure to the sun, and on the usage of 
the structure. It is also the case that different parts o f the same structure can be 
exposed to different wetting and drying cycles.
According to BS 5400 [2.18] the total chloride content of the concrete mix arising 
from all sources should not exceed 0.35 per cent Cl" by weight of cement in the mix 
for 95 per cent of the test results. No result is allowed to exceed 0.50 per cent Cl" for 
reinforced concrete and concrete made using cement complying with BS12 [2.21].
If these limits are approached, or exceeded, the risk o f corrosion o f reinforcement is 
increased and generally it can be said that the higher the chloride ion content the 
greater the probability of corrosion.
The chloride ion concentration also depends on the other ions present in the pore 
water. At a given total chloride ion content, the higher the hydroxyl (OH") 
concentration is considered to affect the progress of corrosion, there being a critical 
Cr/OH" ratio which must be exceeded before corrosion can occur.
Published values for this ratio vary from 0.3 -  20 [2.8]. It has also been found that, for 
a given amount of chloride ions in the mix, there are significantly more free chloride 
ions withNaCl than with CaCli [2.22].
As chloride ions move through the hardened concrete they can react with C3A to fonn 
calcium chloroaluminate, 3 CaO.Al2O3 .CaCl2 .1 0 H2 O, sometimes referred to as 
Friedael’s Salt. A similar reaction with C 4 A F  results in calcium chloroferrite 
(3 CaO.Fe2O3 .CaCl2 .1 0 H2O). It follows that more chloride ions are bound when the 
C 3 A  content of the cement is higher, and also when the cement content of the mix is 
higher.
When deciding the desirable content o f C 3 A  to have in the cement to counteract the 
chloride ions it is important to consider the possibility of sulphate attack. Sulphate 
resistance requires a low C 3 A  content in the cement. For these various reasons, it is 
thought that moderately sulphate-resisting cements, offers the best compromise. 
Another factor affecting the quantity o f C 3 A  to add to the cement is that high C 3 A
23
Chapter 2: Literature Review
content cements produce a high early heat in the concrete, and therefore a higher 
temperature rise. This can be detrimental to larger concrete masses, such as those 
found in structures exposed to the sea.
The total chloride content can be divided into three parts;
1. Physically bound, being adsorbed on the surface o f the gel pores
2. Chemically bound, being incorporated in the products o f hydration of 
cement
3. Free
The total chloride content is not relevant to corrosion [2.2]. It is only the third part of 
the chlorides, namely the free chlorides that are available for the aggressive reaction 
with steel. However, the distribution o f the chloride ions among the three forms is not 
permanent, as there is an equilibrium situation such that some free chloride ions are 
always present in the pore water.
Because of these various factors, the proportion o f free chloride ions varies from 80% 
to well below 50 % of the total chloride ion content. Therefore, there may not be a 
fixed and unique value o f the total amount of chloride ions below which corrosion 
will not occur. Tests [2.2], [2.22] have shown that, in consequence of the various 
equilibrium requirements o f the pore water, the mass o f bound chlorides in relation to 
the mass o f cement is independent o f the water/cement ratio.
2.5 Techniques for Measuring Corrosion of Reinforcement
2.5.1 Half-cell potentials
The potential o f an electrode is determined by the corrosion reaction-taking place. 
This cannot be measured directly but can be measured relative to a standard reference 
electrode. Reference electrodes can be used to measure the potential o f steel in 
concrete provided that there is good ionic contact between the surface of the concrete 
and the electrode.
The advantages of the technique are that it is quick and easy to do, requiring little in 
the way o f specialized equipment. It is also fairly easy to analyze the data, provided 
that it is recorded in a suitable manner.
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In the laboratory, where measurements are made for a single electrode against time it 
is best suited to the identification of the initiation o f corrosion.
The disadvantages o f the technique are; the potential will vary with temperature of the 
environment, according to Chadwick’s work [2.23], the variation is in the order of 
20mV for a 50°C change in temperature; the measurements can not on their own be 
used to establish the corrosion rate of steel being measured; if the data is interpreted 
simplistically it can lead to inaccurate conclusions; there are in-built errors in the 
absolute value of the potential measured which depends on factors such as the liquid 
injection potential and the resistivity o f the concrete [2.24].
Guidance on using the technique for the measurement of potentials of steel in concrete 
is given in an American standard. [2.25]. The standard describes the process of 
measuring the potentials and also gives guidance on the interpretation o f the results. 
This guidance is based on work of Van Dever [2.26] who carried out surveys on 
bridge decks in the northern states of America. He analyzed the potential 
measurements and correlated it with the incidence of corrosion to produce the risk 
categories shown in table 2.3. Similar work was carried out by Vassie on UK bridge 
structures to confirm the limit values proposed by Van Dever [27].
There has been a general trend towards adoption of these criteria (referred to as the 
Van Daveer criteria) worldwide with no regard to the actual circumstances of the 
structure or environment being considered.
Corrosion Risk Potential (mV vs cu/cu SO4)
5 % > -200
50 % -200 to -350
95 % < -350
Table 2.3 Risk of corrosion versus Half-Cell Potential
25
Chapter 2: Literature Review
The factors to be considered are what the potentials are being measured for. If the 
potentials are being measured as part of laboratory study on small specimens then 
readings will be taken in one location at time intervals. In this way a picture of the 
corrosion state of the electrode in question can be built up witli time and analyzed to 
identify relevant events such as drying or wetting periods.
If  however, the potentials are being measured to assess the condition o f a structure 
where the ‘specimen’ is large and will only be monitored at one point in time then the 
potentials will enable a potential contour map to be constructed. The grouping o f the 
contours indicates the regions of anodic and cathodic activity.
The shortfall of applying the criteria given above is illustrated by Brown who reports 
measuring potentials of -100 mV on a structure where corrosion was visible [2.28]. 
Similarly it is common to find potentials of steel in submerged concrete structure at -  
700 to -800 inV without corrosion occurring because o f the lack of oxygen to support 
the cathodic reaction. This discussion serves to illustrate the requirement for more 
than one monitoring technique for the corrosion of steel in concrete.
2.5.2 Corrosion rate techniques
Techniques for measuring the corrosion rate o f steel in concrete can be divided into 
two main types, destructive and non-destructive. The most common type of 
destructive test is weight loss. Specimens are weighed at the start of exposure period 
and then at intervals during the exposure period. For metals in solution this approach 
may be acceptable if the specimens can be removed, weighed and then replaced.
For steel in concrete it results in the requirement for a large number of specimens, 
every time a specimen is removed from the concrete that is the end o f the exposure 
period for that specimen.
Because a large number of specimens are required the approach is time consuming 
and insensitive. It can identify trends but not the variation in corrosion rate with time, 
as the weight loss rate must be averaged over some assumed corrosion period.
Because o f the drawbacks noted above corrosion scientists started to investigate 
alternative techniques for measuring corrosion rate, which did not involve physical 
measurements of weight change of specimen but used the electrochemical aspects of 
the corrosion reaction.
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Skold and Larson, during their work on cast-iron specimens in water, revealed that a 
limited empirical quantitative relationship existed between the polarization slope
at low current densities and the corrosion rate measured by weight
loss. They noted that this approach could be of use in evaluating the performance of
corrosion inhibitors [2.29].
Stern and Geary performed a theoretical analysis of the shape of the polarization 
curves of corroding metals. They concluded that a region o f a linear dependence of 
potential on applied current for corroding electrode existed. They also derived an 
equation relating the slope of this linear range to the Tafel slopes and the corrosion 
rate. This equation is now referred to as the Stem and Geary equation:
—  = ----------------------- Equation 2.7A/ 23Icorr{Pa + pc)
This can be simplified to:
Icorr = ---- ^  . - Î -  Equation 2.823{Pa + Pc) Rp
Where:
2.3: Is the logarithmic conversion factor
AE: Is the difference between the start and rest corrosion potentials
AI: Is the difference between the start and rest corrosion currents
Rp: is the polarization resistance, Icorr is the corrosion current and Pa and Pc are the
anodic and cathodic Tafel constants respectively [2.30].
Stem extended the application of this approach to cover systems where the rate is 
controlled by the diffusion of ion species in solution (concentrations polarization). 
Evidence for the use of the technique was provided using titanium and stainless steel 
electrodes. He concluded that the technique was applicable for the deteraiination of 
changes in corrosion rate with time including studies of underground structures and 
materials in aqueous solution [2.31].
Stern provided further evidence o f the suitability of the polarization resistance 
technique in his paper to 62"^ annual meeting o f the ASTM in 1959 [2.32]. He showed 
the robustness o f the teclinique using data from a number of sources to show that the 
correlation between corrosion rate and the current required to polarize by a few
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millivolts extended over six orders o f magnitude. He also showed that the corrosion 
rate o f a system could be measured with an accuracy of a factor of 2 without any 
knowledge o f the Tafel constants.
A review of the polarization resistance technique was published by Callow et al 
[2.33]. In a two part paper they reviewed published data and found a good correlation 
between Rp and gravimetric corrosion rates. The second part o f the paper discussed 
the major sources of error and concluded that for steel in concrete the main factor was 
compensation for the I-R drop through the concrete. Several researchers have studied 
the relationship between resistivity of concrete and the corrosion rate [2.34 -  2.36]. 
From these three studies the most successful in tenus o f quantifying the relationship 
was that by Naish et al [2.36].
By careful design of specimen it may be possible to measure corrosion currents 
directly by measuring the potential drop across a resistor or by connecting a Zero- 
resistance ammeter across the two electrodes.
This technique has been successfully adopted by Schiessl [2.37] and Pfeiffer [2.38] 
although for different reasons. Direct measurements o f corrosion current in this way is 
especially useful for larger specimen where the location of anodic and cathodic areas 
can be designed in.
Having reviewed the published data on available corrosion rate and state techniques it 
would seem sensible to adopt a monitoring program involving regular measurements 
o f potential and polarization resistance. Using these non-destructive techniques allows 
a greater number of parameters to be assessed for the same number of specimens than 
would be possible with destructive gravimetric approach. The polarization resistance 
has best documented record o f success o f the non-destructive corrosion rate 
techniques.
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2.6 Concrete Repair Techniques
There are many examples o f old, durable reinforced concrete structures that show no, 
or very few, signs o f deterioration due to corrosion. Inspections of these structures 
usually reveal that the worlcmanship was o f a good quality, i.e. dense and well- 
proportioned concrete that is well compacted and cured and that adequate cover to the 
reinforcement has been maintained over the whole structure. In addition the 
environment has not been too aggressive.
In today’s economic climate the construction process has speeded up considerably. In 
many places the availability o f good quality sand is scarce and so sand from the 
seabed is used instead. If  this sand is not cleaned properly it will introduce chlorides 
into the concrete mix. Allowing proper curing o f the concrete during the first two 
weeks is considered too costly by many contractors, and as the speed o f the later 
carbonation o f the concrete is considerably increased. The aggressive elements in the 
environments of today’s structures are far more than previously. Factors like these 
will all increase the likelihood of corrosion occurring. By far the greatest cause of 
durability problems with concrete is the concrete cover to the reinforcement. 
Extensive new investigations show that the cover is normally far less than specified 
[2.39, 2.40] and is often the cause o f corrosion attack.
In general, protection of the reinforcement should be considered when, parts of a 
structure or a complete structure will be exposed to an environment evaluated as too 
aggressive for the expected quality of the concrete as produced. Consideration should 
also be given if there are doubts that the quality of concrete will be maintained 
throughout the structure. The quality of the concrete is the first line of defence against 
chloride-induced corrosion. AGI 318 “Building Code Requirements for Reinforced 
Concrete” and A C I357 “Guide for the Design and Construction of Offshore Concrete 
Structures” describe in detail design parameters which will help extend the service life 
of a structure in a corrosive environment. The key design factors mentioned include 
concrete with a free water-cement ratio no higher than 0.40, adequate concrete cover 
(Figures 2.5 and 2.6 illustrate how the effectiveness of concrete cover is enhanced by 
a low water/cement ratio and adequate curing).
Carbon dioxide, as well as chloride, penetrates to the interior of concrete at a rate 
given approximately by a square-root time function. Therefore if the thickness of the
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cover o f good quality concrete is doubled, the time to reach the critical state for 
inevitable danger of corrosion will increase more than four-fold. ACI building codes 
require a minimum cover over the steel of 38mm, with 51mm preferred in ACI 318 
and 64mm cover for concrete in a marine environment.
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Figure 2.5 Schematic representation of corrosion in concrete of low water- 
cement ratio and well cured 12.411.
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Figure 2.6 Schematic representation of corrosion in concrete of high water- 
cement ratio and poorly cured 12.411
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To reduce the problem of corrosion of the reinforcement, several methods are 
advocated. Some methods are based on the properties of the concrete, others attack 
the problem by protecting the reinforcement. The methods of repair can be divided 
into two main categories, hivasive and Non-invasive.
As the name implies, Invasive repair o f structures involves the removal of 
contaminated materials, i.e. concrete and steel, treating the defective area and 
replacing the contaminated material with material characteristically sim ilar to the 
original as possible.
Non-invasive repair methods involve treating the damaged area from externally, 
disturbing the structure as little as possible.
2.6.1 Invasive Repair Methods
PjfimâlEC o! « p a ir^ re a  ü  cut by saw  cf fltna/ âpprorimals})'
ÇQ* (a îytfaca.
is0 n'iiwry w of 
cnuudMlby
Figure 2.7 Surface preparation when corroded reinforcement is encountered
12.421
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Figure 2.7 shows the principle behind invasive repair of a structure undergoing re-bar 
corrosion Due to the expansion of steel as it corrodes, spalling of the concrete takes 
place.
All weak and defective concrete has to be removed before a repair material can be 
installed. The corroding steel must be removed and the concrete taken back to where 
the steel is still in the passive state. This is usually achieved with water jetting or sand 
blasting (Figure 2.8). The steel can then be treated with a protective surface coating, 
and a patch repair material added.
Figure 2.8 Removal of a defective area of concrete and exposure of steel by water
ietting 12.431
Surface Coatings are designed to seal off the steel surface against the ingress of 
oxygen, humidity and agents, and reduce the effects of low cover. Current thought 
[2.42] is that cement based repair coatings will offer the best protection as they are 
compatible with the existing concrete in chemical composition, permeability, and 
most importantly do not reduce the bond between the reinforcing steel and 
surrounding concrete matrix. The main properties that can have a bearing on the 
effectiveness of a repair coating are elastic modulus, coefficient of thermal expansion, 
impermeability and strength.
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W hen corrosion is the result of chloride ion ingress the use of such coating repair 
methods is unlikely to provide an effective solution due to the possibility o f local 
corrosion in adjacent non-repaired areas developing. (This results from the newly 
repaired areas acting as cathode sites able to support anodic dissolution at active 
anodes which had previously been suppressed by the cathodic protection offered to 
regions adjacent to the original active anodes). Adverse chemical reactions between 
the coating and its environment can also occur [2.44].
Epoxide resins are used for both the steel and for the concrete patch material. Resins 
have excellent adhesive qualities but, generally speaking, resin-based materials have 
an elastic modulus o f about one tenth that of concrete and a coefficient of thennal 
expansion o f more than five times that o f concrete. Therefore much stricter control 
conditions must be maintained when using these repair materials.
2.6.2 Non-invasive Repair Methods
These methods involve the application o f surface treatments, cathodic and anodic 
protection and the addition o f corrosion inhibitors to the concrete m ix and also to the 
defective concrete.
2.6.2.1 Surface treatments
Surface treatments are best classified according to their mode of protection.
There are three main classes:
(i) Surface sealants. The principle behind these is to seal off the concrete surface 
against the ingress o f oxygen, hum idity and agents, reduce the effects of low 
cover and penneable concrete and seal any fine shrinkage cracks which may 
occur in new concrete. The problem with these sealants is to prevent the 
barrier from becoming worn or punctured. This can occur as a result of 
abrasion, movement o f the concrete and general wear and tear. The danger 
with this system is that if it becomes pimctured then local corrosion may 
occur.
(ii) Pore liners. These are hydrophobic materials lining the surface pores and 
repelling moisture. The materials in this group include silicone resins, alkyl- 
alkoxy-silanes (silane) and oligomeric and polymeric alkyl-alkoxy siloxanes.
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(iii)Pore blockers. These density the concrete by the formation o f crystal 
products in the pores arising from the reaction between the chemicals in the 
treatments and constituents o f the concrete matrix.
2.6.2.2 Corrosion resistant reinforcement.
The use o f stainless steel reinforcement has been used with success technically [2.17] 
but the cost is prohibitive for general use.
2.6.2.3 Cathodic protection.
This is not a new method, Humphrey Davy used cathodic protection on British naval 
ships in 1824 [2.18]. Cathodic protection is achieved by supplying electrons to the 
metal structure to be protected making it effectively immune from corrosion. The 
electrochemical reactions occurring are the dissolution o f a metal and the evolution of 
hydrogen gas.
2.6.2.4 Anodic Protection.
In contrast to cathodic protection, anodic protection is relatively new: Edeleanu first 
suggested it in 1954; Simply, anodic protection is based on the formation o f a 
protective film on metals.
2.6.2.5 Protective coating o f the steel.
This can involve coating the reinforcement in a sacrificial element such as hot-dip 
galvanising, whereby the zinc corrodes in preference to the reinforcement. Another 
method is to coat the bars in an insulating sleeve such as fusion-bonded epoxy or PVC 
[2.17]. They work by inhibiting the electro-chemical contact between the steel and the 
aggressive elements and thereby restricting the degree of corrosion.
2.6.2.6 Corrosion Inhibitors
Corrosion inhibitors are chemical compounds that, when added in adequate amounts 
to concrete can prevent, or retard, corrosion of steel in concrete. They should not have 
any adverse effect on the properties such as compressive strength and not adversely 
affect the nature and microstructure of the hydration products. They can be either 
admixed to the fresh concrete, or applied to the surface of the hardened concrete
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2.7 Corrosion Inhibitor Technology
Several admixtures, pure compounds or mixtures have been available as corrosion 
inhibitors for a long time and are claimed to offer protection for reinforcing steel in 
concrete against chloride ion-induced corrosion. These admixtures are used as a 
preventive measure and are added to fresh concrete or to as a repair product. The main 
disadvantage to overcome is preventing any possible adverse effect on the fresh and 
hardened properties of the concrete. Alternatively surface applied inliibitors can be 
added after construction is completed without extensive removal of the existing cover 
concrete.
The advantages o f chemical inhibitors over more conventional techniques, such as 
cathodic protection, is that they can be incorporated during mixing allowing a uniform 
distribution of inhibitors throughout the concrete. In high performance concrete the 
low permeability prevents the inhibitors from being lost, thus, offer a good protection 
for reinforcement against chloride-induced corrosion.
Another major advantage o f such treatments is that they can be applied to areas with 
limited access where other repair options could not be used. They can also be used in 
structurally sensitive areas where it would not be acceptable to break out the concrete 
and be re-applied as and when corrosion recommences.
More recently, new interest has arisen on the use of inhibitors as rehabilitation or 
curative measures. In this approach the inhibitors are applied onto the surface and 
required to penetrate through the concrete to the steel in order to stop or retard 
corrosion rates. However, there are conflicting opinions about the effectiveness o f 
these compounds in corrosion protection. In the USA, admixed corrosion inhibitors 
were tested in the 1980’s [2.45, 2.46]. A recent review of the field trials showed no 
benefit effect from such inliibitor treatments [2.47]. Similarly in large-scale exposure 
trial of corrosion inhibitors on reinforced concrete slabs also found no significant 
benefit from a range o f commercially available inhibitors [2.48], throwing doubt on 
the value of adding corrosion inhibitors. In the UK Broomfield [2.49] has reported 
long-term monitoring o f structures which had corrosion inhibitors applied in 1995. 
This trial over 60 structures showed a reduction in corrosion rate but the onset of 
cracking o f treated structures occurred at about the same time as untreated controls. In 
another small scale trial with surface applied corrosion inhibitor, short term results
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were more encouraging, with 91% reduction in the measured corrosion rate. Jones
[2.50] has used embedded corrosion monitoring equipment to assess the effectiveness 
of surface applied corrosion inhibitors on a number o f reinforced concrete structures 
and found reductions in corrosion currents from 50-95%. These are similar to those 
measured in laboratory samples at the University o f Surrey [2.51].
There are number of way of classifying corrosion inhibitors;
2.7.1 Classification of corrosion inhibitors 
There are number of way of classifying corrosion inhibitors:
2.7.1.1 By their action
The corrosion reaction in concrete occurs by the formation of anodes and cathodes. 
The corrosion inhibitors can therefore be:
• Anodic Inhibitors - suppressing the anodic corrosion reaction
According to Lewis et al [2.52] anodic inhibitors contain anions that 
either form sparingly soluble ion salts or form gamma Fe2 0 3  film on the 
anodic steel surface, thus preventing ferrous ions from passing into 
solution at the anode. In order to terminate the dissolution o f the metal, 
this film must act as a barrier to prevent more o f the corrosive solution 
from coming into contact with the metal surface. Anodic inhibitors are 
effective only when present in sufficiently high concentrations and there 
is a danger, that if added in insufficient quantities to stop attack, 
corrosion may become localised and rapid attack stimulated [2.41].
• Cathodic Inhibitors - suppressing the cathodic corrosion reaction.
• Ambiodic Inhibitors- (Mixed inhibitors) suppressing both anodes and 
cathodes separating the anodic and cathodic areas: therefore, it is 
impossible to either predict mixed inhibitors may simultaneously affect 
both the anodic and cathodic processes.
Ideally a mixed inhibitor should be desirable because microcell corrosion 
is common in reinforcing steel. M icrocell corrosion is characterised by 
microscopic distances separating the anodic and cathodic areas: therefore.
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it is impossible to either predict the exact locations of or to isolate either 
the anodic or cathodic areas o f the reinforcing steel.
It is worth noting that, when any inhibitor is added to the concrete, the
result is a mixed inhibitor because the hydroxyl ions of concrete can be 
considered to act as a mild anodic inhibitor with a tlireshold value of about 
pH 10 or pH 11.
2.7.1.2 By their chemistry and function:
• Inorganic Inhibitors- nitrites and phosphates.
• Organic Inliibitors- amines and other organic chemicals
• Vapour phase or volatile inhibitors - a subgroup of the organic inhibitors
(generally aminoalcohols that have a high vapour pressure.
Most of the corrosion inhibitors mentioned above have been used in the industry for 
many years by corrosion engineers as a protection measure. To date there is no solid 
evidence on the effectiveness of the corrosion inhibitors in preventing or retarding 
corrosion of steel in concrete. Whereas, in some cases they were found to be effective 
and their chemistry well understood, in other cases this is less so.
Other research [2.53] has looked into the possibility of driving corrosion inhibitors 
into hardened concrete using an applied electrical field. The concluding comments of 
this particular report are that electrical injection of corrosion inhibitors into chloride- 
contaminated concrete is feasible as well as practical. Repeated experimentation 
demonstrated that the Econ- for the steel bar shifted from more negative to more 
positive values during injection.
Surface applied corrosion inhibitors are organic mixed anodic/cathodic inhibitors. 
According to the manufacturer [2.54] this group o f products penetrates the concrete 
by first diffusing in the water which is normally present in concrete; secondly by its 
high vapour pressure (air pockets will contain MCI vapours, protecting steel at 
locations not in contact with concrete); thirdly, by following hairline and microcracks, 
allowing large doses to penetrate where protection is most critical.
Surface applied corrosion inhibitor can be used in concrete repairs in different ways:
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(1) Applied to the surface of the clean reinforcing bar
(2) As an admixture in the repair material during mixing
(3) As a concrete surface applied coating capable o f migrating deep into the
concrete and reaching ferrous material
(4) As a gel material placement in drilled holes
(5) Placement of a replaceable emitter in the drilled hole for a certain period of
time
(6) Injected into the concrete; used when concrete has an impervious coating 
or topping, or where the structure contains deeply embedded steel that 
needs additional protection.
2.7.2 Inhibitors as Repair Strategy
Inhibitors are one of several possible repair strategies and their use in reinforced 
concrete structures has to be planned with the same care as the construction of new 
structures. Before any decision on using inhibitors as rehabilitation method is taken, 
the following analysis o f the situation is recommended in order to achieve cost 
effective and durable repair [2.55].
i) Structural condition: A  through condition assessment of the structure 
(or part of it) should include a visual survey, the identification of 
structural cracks, deformation etc. in order to clarify if, and to what 
extent, structural repairs have to be carried out.
ii) Cause o f deterioration: Any condition assessment should be of 
sufficient duration to identify clearly the cause(s) o f observed 
degradation. It is useful to start with non-destructive techniques before 
applying any destructive techniques (Section 2.6 for details on concrete 
repair techniques)
iii) Expected sendee life o f the structure. A decision has to be made on the 
future use of the structure in order to define its desired sei^vice life.
Rehabilitation with inliibitors has the advantages that only minimum intervention is 
required, some local repairs may be necessary because of the presence of cracks.
38
Chapter 2: Literature Review
spall ing and etc. To effectively prevent or stop corrosion, the inhibitor has to be 
present in sufficiently high concentration in the region of the reinforcement.
2.7.3 Research to date on the use of admixed corrosion inhibitors
It is well established that when steel is in contact with alkaline solutions o f pH values 
in the range 11-14, the metal is normally passivated. Corrosion problems are therefore 
based on aggressive agencies ability to promote depassivation o f the embedded steel. 
An ideal corrosion inhibitor is therefore a chemical compound that, when added in 
adequate amounts to concrete, can prevent corrosion of embedded steel and has no 
adverse effects on the properties o f concrete.
Much research has been carried out into finding an inhibitor that has no adverse 
effects on the properties of the concrete. Early studies carried out by Berke [2.56]. 
Craig and Wood [2.57], Treadaway and Russell [2.58], and Slater [2.59] et al, 
concentrated on sodium nitrite, potassium chromate, sodium benzoate, and stannous 
chloride.
Craig and Wood [2.57] also examined the mechanical properties of mortars produced 
with sodium nitrite, potassium chromate, sodium benzoate, and calcium chloride 
admixtures. They found a marked decrease (as high as 20 to 40 percent) in 
compressive strengths when the inhibitors were added to the mortars.
Tensile strengths were adversely affected by sodium nitrite and sodium benzoate but 
not by potassium chromate. It was found that only sodium nitrite inhibited in the 
presence o f chlorides.
Treadaway and Russell conducted tests of sodium nitrite and sodium benzoate. They 
found a decrease in compressive strength when these chemicals were added to 
concrete. Corrosion tests were conducted in alkaline solutions and in cement extracts. 
In the cement extract experiments they found that sodium nitrite inhibited corrosion in 
the presence o f chlorides, whereas sodium benzoate did not.
They also reported that the initiation of corrosion was delayed with sodium nitrite, 
with the delay increasing with the amount added. Solution testing by Treadaway 
emphasised that pitting also occurred with sodium nitrite.
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Based upon experiments of corrosion inhibitors conducted up to the mid 1970s it is 
not surprising that inhibitors were not in large-scale use in concrete. As already 
mentioned, sodium nitrite was identified as a good inhibitor, but was found to cause 
severe strength loss of the hardened concrete. Sodium or potassium salts o f chromâtes 
and benzoates gave mixed results on inhibition and also gave reduced strength. 
Stannous chloride increased strengths [2.59] but still contained chloride and was 
relatively expensive. It was for these reasons that a new inhibitor was needed. One 
that was not detrimental to the concrete’s properties, improved corrosion resistance 
conclusively and was affordable
MFP (Monoflurophosphate) has been studied as described in recently published paper
[2.60] in the laboratory as an inhibitor in neutral aqueous solutions, then as an 
admixture to de-icing salts and has been patented in the U.S. Based on the results of 
Canadians studies (DOMTAR Inc.). MFP cannot be used as admixtures due to the 
chemical reaction with the fresh concrete, and so it has to penetrate from the concrete 
surface to the steel. Its mechanism and action as an inhibitor against chloride-induced 
corrosion has been studied in the laboratory [2.61]. Solutions of saturated Ca(0H2) 
and small mortar samples were used for the tests. The main result from the 
experiments [2.61] was stated to be that a critical concentration ratio o f MFP / 
chlorides greater than 1 has to achieved, otherwise the reduction in corrosion rate is 
not significant. No complete repassivation was found after the onset of chloride- 
induced corrosion.
2.7.3.1 Calcium Nitrite Based Inhibitors
The efficiency of calcium nitrites as an inhibitors in concrete has been reported by 
several authors [2.62, 2.63] since the early 1970’s. The investigation, which has been 
conducted with different experimental techniques in solutions, in mortar and in 
concrete, revealed a critical concentration ratio between inhibitors (nitrite) and 
chloride of about 0.6. This implies that quite high nitrite concentrations have to be 
present in pore water of the concrete to act against chlorides penetrating from the 
concrete surface. Nitrites act as a passivator due to its oxidising properties and 
stabilises the passive film according to the reaction [2.63].
2Fe^^ + 2 OH* + 2 NO2' 2N 0 + FezO] + H2O
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The effect of nitrite in enhancing the passivity is related to its ability to oxidise ferrous 
of ferric ions, which are insoluble in aqueous solutions. Calcium nitrite acts as an 
accelerator, and normally requires the addition o f water reducer and retarder in the 
concrete mixture. Calcium nitrite was included in the tests in a comparative study to 
evaluate corrosion inhibitors [2.64, 2.65]. As a result of an error in the recommended 
dosage the concentration was too low and nitrite was effective only for specimens 
with low chloride concentration. This confirms the necessity to reach a critical 
concentration ratio for effective corrosion protection. Low nitrite concentrations may 
cause an increase in corrosion rate. However, calcium nitrite based corrosion 
inhibitors when applied according to the appropriate specifications together with high 
quality concrete have a long and proven track record in the USA, Japan and the 
Middle East [2.66]. However, because of environmental regulations and concern 
about a possible increase of the corrosion rate when the inhibitor is used in 
insufficient concentrations [2.67] they have found only few applications in Europe.
For more than 25 years, a major research effort has been undertaken to evaluate the 
ability of calcium nitrite to inhibit corrosion by W. R. Grace and company, [2.68] 
numerous state Department of Transportation (DOT) labs, the Federal Highway 
Administration (FHWA), and at independent laboratories [2.69, 2.70]. The results 
from these reports along with the successful use of calcium nitrite as an inhibitor in 
over 300 parking, marine, and bridge structures has demonstrated that calcium nitrite 
is regarded as a very effective corrosion inhibitor [2.71]. The American Concrete 
Institute released an assessment report [2.71] on structures that had been erected using 
calcium nitrite containing concrete.
The report showed that all the structures, even those dating back to 1978, when 
calcium nitrite was first commercially available in the states, were performing well. 
Diffusion of chloride was not seen to have increased in the concrete with calcium 
nitrite, and there was evidence of a reduction in chloride penetration in several of the 
structures.
The South Dakota Department of Transportation conducted a study in which 
reinforcing bars were embedded in concrete cylinders with and without admixed 
chlorides [2.56]. Cylinders with admixed chlorides went into corrosion immediately 
(1 day) unless calcium nitrite was present. Samples with calcium nitrite present
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remained passive for 700 days. Calcium nitrite was also seen to improve the corrosion 
resistance of samples without admixed chlorides.
In Figure 2.9 an updated curve o f corrosion versus time is illustrated, first presented at 
the Corrosion-87 conference by Berke [2.56]. The ability of Calcium nitrite on 
preventing corrosion after 3 years in a chloride-laden environment can be clearly seen. 
It is clear that under long-term accelerated testing, calcium nitrite is a successful 
inhibitor, but the quality and durability of the concrete are also very important.
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Figure 2.9 Calcium nitrite corrosion inhibiton total corrosion versus time in 3 %
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If  calcium-nitrite-based inhibitors are to be successful, it must be insured that they do 
not damage the concrete itself. Chloride-induced corrosion of reinforcing steel in 
concrete is known to begin at levels as low as 0.6 to 1.2 kg/m^ (0.19 to 0.3% by 
weight of cement) [2.69], and the commercial production of calcium nitrite as a stable 
solution of up to 40 % dissolved solids has encouraged the use o f calcium nitrite as a 
corrosion inhibitor [2.56], unlike sodium nitrite, in which the sodium ions are 
regarded to be detrimental to the strength and alkali-aggregate reactions [2.56]. 
Calcium nitrite was found to be non-detrimental to mechanical properties. For
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example, calcium nitrite meets ASTM C 494 specifications as a concrete accelerator
[2.71].
A general drawback with all nitrite inhibitors is that they are anodic inhibitors and as 
such are only effective if used in high enough concentrations. If too little is added, 
corrosion becomes highly localised, thus defeating the object of using them. The other 
major drawback is the current environmental tiends, whereby several of the European 
countries have banned their use due to the possible pollution risks if high enough 
concentrations entered the water supply. This trend is expected to continue and 
encompass North America among others.
2.7.3.2 Alkanolamines and Amines
Alkanolamines and amines and their salts with organic and inorganic acids have been 
described and patented for different applications, such as for the protection o f steel in 
cementitious matrices [2.72]. A European Patent application published in 1987 [2.73] 
describes the use o f one or more hydroxyalkylamines having molecular weights 
ranging from about 48 to 500 and vapour pressures at 20°C ranging from lO''  ^ to 10 
mm Hg that are employed as the major ingredient of a corrosion inhibitor to be mixed 
into hydraulic cement slurry. The hydroxyalkylamines provide corrosion protection to 
steel reinforcement in concrete and don’t substantially affect the air entering capacity.
Typical compounds mentioned include diethanolamine, dimethylpropanolamines, 
monoethanolamine and dimethylethanilamine. Compressive strength and time setting 
are not altered by more than 20%. Figure 2.10 shows the corrosion rates obtained in 
laboratoiy experiments in presence of different hydroxyalkylamines or their mixtures 
compared to the control sample [2.74].
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Another patent specification [2.75] describing corrosion inhibition in reinforced 
concrete addresses vapour phase corrosion inhibitors (VPI) or volatile corrosion 
inhibitors (VCI). As preferred inhibitors for reinforcement dicyclohexylamine 
carbmate (CHC) or mixtures of CHAB and CHA are proposed
The aim in mixing is to get a VPI into the concrete by drilling holes at suitable places. 
The spacing of the drill holes depends on the amount of reinforcement, the volatility 
of the VPI. the porosity of the concrete and the VPI content in the holes. Only short­
term corrosion tests and no evidence of long term efficiency are given [2.75].
Further information on vapour phase inhibitor can be found in a review [2.76] and 
research papers [2.77]. It is interesting to note that the patent application explicitly 
reports the advantage of all the hydroxyalkylamine compounds being water soluble, 
so that they demonstrate mobility within concrete structures when water is applied.
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It is claimed that that these inhibitors can be applied to existing reinforced concrete 
structures and that the corrosion inhibitor will be carried by water into the proximity 
of the reinforcing steel. The inhibitor could thus be included in hydraulic cement 
overlays on old concrete structures.
Several proprietary blends from different producers as Cortec VCI -  1337™ or MCI- 
2020 ™, Cortec VCI-1609 ™  or MCI-2000 ™  , Sika Armatec 2000 ™ or Sika 
Ferrogard ™) are based on the principle of using alkanolamines and amines and their 
salts with organic and inorganic acids.
These inhibitors are claimed to belong to the film forming inhibitors, thus blocking 
both the anodic and the cathodic reaction o f the corrosion process. Film formation has 
been revealed by analysing the steel surface after immersion in inhibitor containing 
solutions [2.78, 2.79].
The Cortec inhibitors were included in the comparative tests of the SHRP (Strategic 
Highway Research Programme) project [2.64, 2.65] and good inhibition properties 
were reported; the corrosion rate (detenuined by linear polarisation resistance) 
decreased and the corrosion potential shifted to more positive values. The inhibitors 
penetrated fonn the repair material trough to the next layer of steel reinforcement in 
the concrete [2.65].
A recent comparative test o f different organic amines in alkaline solutions [2.80] 
showed a very good corrosion inhibition o f the commercial MCI inhibitor, pure 
dimethylethanolamine itself being practically ineffective. Sika Ferrogard-901 was 
tested as an admixture in mortar and concrete samples exposed to chlorides [2.81].
After one year of testing corrosion had started in specimens with water cement ratio 
of 0.6, the chloride threshold values were in all cases higher for the inhibitor 
containing samples (4 to 6% CF by weight o f cement) compared to the control 
samples (1 to 3%CT) which are well above current British, European and American 
limits on allowable chloride ion content.
Diffusion experiments [2.72, 2,78, and 2.79] showed that these types o f inhibitors can 
migrate through the concrete although grate discrepancies in the measured diffusion 
rates exist.
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The diffusion of the Sika Ferrogard-901 through concrete has been verified by 
laboratory testing and monitoring of actual repairs undertaken in the USA as part of 
the Strategic Highways Research Program (SHRP) [2.82]. The amino alcohol based 
inhibitor was found to penetrate to the layer of steel reinforcement beneath the 
repaired area. The encouraging test results from SHRP report lead to the focused 
development of Sika corrosion Inhibitors for the use in admixtures and concrete 
repairs.
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2.7.3.3 Organic Based Admixtures
Organic based admixtures were proposed in USA Patent [2.83]. An admixture is 
marked as rehocrete from Master Builders Inc. The admixture comprises an oil / water 
emulsion, in which the oil phase comprises an unsaturated fatty acid ester of an 
aliphatic carboxylic acid with a mono-, di -  or trihydiric alcohol and the water phase 
comprises a saturated fatty acid, an amphoteric compound, a glycol and a soap.
The admixture is added to concrete prior to placement. Upon contact with the high ph 
environment of the concrete the emulsion collapses allowing contact between the 
active agent and the steel reinforcement bars.
Anodic polarisation and time to corrosion tests showed good inhibitor efficiency. The 
mechanism is described as a formation of a physical barrier against the action of 
aggressive agents such as ions [2.84]. In addition, the chloride ingress into concrete is 
reduced.
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2.7.4 Research to date on the used o f migratory coiTosion inhibitors
As already highlighted, corrosion inhibitors are widely used in corrosion technology 
to protect different structures from deterioration. At present calcium nitrite is one of 
the most commonly used inhibitors used to prevent the degradation of concrete 
reinforcement. It has been stated [2.56, 2.68] that calcium nitrite reduces corrosion 
without any detrimental affects on the concrete.
Other researchers [2.85] have, however, reported that calcium nitrite decreases 
compressive strength, causes side effects such as, efflorescence and increases its 
susceptibility to alkali- aggregate reaction. Another drawback with such inhibitors is 
that they can only be added during the batch process and therefore if corrosion is 
initiated in a structure after completion, such treatments are useless.
Surface applied corrosion inhibitors are unique in that they can be applied to the 
hardened concrete surface and penetrate the concrete by liquid and vapour diffusion. 
The present study has chosen to test a migratory corrosion inhibitor produced by 
SIKA, called SIKA Ferrogard®- 903. It has, so the manufacturers claim [2.47], a high 
affinity to steel and can form a protective film on the surface of the steel, thus 
delaying the onset o f corrosion without affecting the concrete properties.
Current research conducted by Sika [2.47] and Mott MacDonald [2.86] et al, have 
found evidence to suggest that Sika Ferrogard®- 903, does passivate the steel 
reinforcement, thus preventing the onset of corrosion. The Ferrogard-903 inhibitor 
developed by SIKA is based on an organic film forming amino compound that can 
also exist in the vapour phase. This is how it is able to penetrate the concrete surface 
so readily.
As already explained, chloride ions can reach the steel surface by both diffusion and 
capillary action and destroy the passive film, even in a high alkaline environment. 
Therefore the corrosion potential moves to the left (as seen in Figure 2.12).
The higher the chloride concentration, the higher is the current density (corrosion 
rate). Figure 2.13 shows the effect SIKA Ferrogard®- 903 has on displacing the 
chlorides at the steel surface, repairing the passive film, and thus moving the 
corrosion potential and reducing the current density [2.47].
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This diffusion of the inhibitors through concrete has been verified by laboratory 
testing and monitoring of actual repairs undertaken as part of the Strategic Highways 
Research Program (SHRP) [2.87]. The amino alcohol based inhibitor was found to 
penetrate to the layer of steel reinforcement beneath the repaired area. The 
encouraging reports from SHRP report lead to focused development of SIKA 
corrosion inhibitors for use in admixtures and concrete repairs.
Figure 2.12. Steel in concrete containing chlorides 12.461
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Figure 2.13. Steel in the chloride-containing concrete; with and without SIKA
Ferrogard®- 903 12.461.
Goschnick and Bentz at the Institute for Radiochemistry in Karlsruhe [2.87] 
undertook laboratory testing on Ferrogard' 903. They used Secondary Neutron Mass 
Spectrometry to establish the transport behaviour and rate of penetration of the amino 
alcohol inhibitors.
The results, as shown graphically in Figure 2.14, give penetration rates of between 2.5 
to 20 mm per day and to a depth of 80mm in 28 days, depending on the quality and 
subsequent permeability of the concrete. The transport rate of the inhibitor was seen 
to decline as the depth of penetration increased The results also highlight the fact that 
the inhibitor was able to penetrate the concrete irrespective of the orientation of the 
application.
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Figure 2.14 Atomic concentration ratio of nitrogen to silicon versus depth of 
penetration for SIKA FERROGARD® in concrete blocks 12.861
Research work [2.76] by Brundle o f Brundle Associates, California, USA and Grunze 
o f the Heidelberg University provided information on the coverage and thickness of 
the amino alcohol corrosion inhibitors (AACFs), on steel samples subjected to a 
simulated chloride contaminated environment.
Experimental reports [2.76] have shown that in simulated chloride contaminated 
environments, AACFs form a continuous protective film (=10"^ m thick) [2.87] and 
displace chloride ions from the surface of the steel, even when immersed in a dilute 
saline solution. This is an important observation hence the effectiveness of such 
inhibitors in suppressing existing chloride ion induced corrosion in reinforced 
concrete depends not only on the inhibitor penetrating the concrete cover to reach the 
steel but once there it must be able to penetrate the existing oxide film and displace 
chloride ions at the metal interface.
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2.7.5 Critical Evaluation of Con'osion Inhibitors
Corrosion inhibitors in new reinforced concrete structures, in concrete repair systems 
or as a surface applied liquids should prevent or at least delay the depassivation o f the 
steel and / or reduce the corrosion rate of steel in concrete. Several basic conditions 
have to be fulfilled for an efficient and durable inhibitor action:
i) The inhibitor should not adversely effect concrete properties (strength, freez- 
thaw resistance and porosity)
ii) The inhibitor has to be present at the reinforcing steel at a sufficiently high 
concentration with respect to the aggressive environment (chloride) ions.
iii) The inhibitor concentration should be maintained over a long period of time.
iv) The inhibitor action on corrosion o f steel in concrete should be measurable
2.7.5.1 Concrete Properties
Adverse effects of inhibitors on concrete properties can be tested in the laboratory. 
MFP strongly retards concrete setting and thus cannot be used as an admixture. 
Calcium nitrite is an accelerator for concrete setting. Aspects o f environmental 
compatibility of all chemicals used in the construction industry become more and 
more important both from legal and financial point of view. Harmful or toxic 
inhibitors can hardly be used in Europe because of severe environmental protection 
regulations. The amine base inhibitors are alkaline and should not contaminate water 
or earth. More and more concerns are being raised regarding the use o f all types of 
concrete admixtures because concrete, when demolished at the end of the service life 
of a structure, maybe considered as hazardous waste with very high cost for disposal
51
Chapter 2: Literature Review
1.1.5.2 Concentration Requirements
The available literature reports a concentration dependent effect of inhibitors. A 
critical inhibitor / chloride ratio has to be exceeded. For new structures the inhibitor 
dosage thus has to be specified with respect to the expected chloride level over the 
design life o f the structure.
To be on the safe side, certain over dosage is necessary. For calcium nitrite the ratio 
of C r / NO2 should be in the range of 1.5 to maximum 2 [2.63], for Sika Ferrogard - 
901 admixed inhibitors it provides protection in carbonated (pH < 9.0) and chloride 
containing concrete (up to 2 % at the level of the steel). As for the required dosage it 
ranges from 3 to 4 by the weight o f cement [2.47].
Surface applied inhibitors on existing structure may present even more difficulties in 
achieving the necessary concentration at the rebar level. First, because chloride 
contamination or carbonation may vary strongly along the surface, secondly because 
the cover and the permeability of the concrete may vary as well and thirdly, because 
the inhibitor may react with pore solution components.
In the application notes of surface applied inhibitors not only an average weight of 
inhibitor solution to be applied per square meter of concrete should be specified but 
also the critical concentration to be achieved at the rebar level. This is usually 
omitted, in part due to the lack of analytical methods that are available to measure the 
inhibitor concentration but also because inhibitors may be washed out from the 
concrete or evaporate with time.
2.7.5.3 Durability of the Inhibitor Action
On concrete structure exposed to splash water or rain the inhibitors may be washed 
out at least at the concrete surface and the critical concentration ratio may not be 
maintained over time. Calcium nitrite as a passivating inhibitor reacts with iron ions 
to form a protective film.
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Repetitive pit initiation processes can lead to a reduction in the nitrite content near the 
rebar and protective action may be lost. Increase in pitting depth has been reported in 
cracked concrete after 2.5 years of exposure [2.88]. Admixed or surface applied 
inhibitor that are claimed to migrate through the concrete can evaporate again and the 
necessary concentration for protection may not be reached after long time.
Inhibitor technology could in principle offer cost effective way for the rehabilitation 
of reinforced concrete structures. Several inliibitors have been tested in the laboratory 
and are commercially available today both as admixtures for fresh mortar or concrete 
or as surface applied liquids.
In some contrast to the marketing publicity that shows very promising laboratory data, 
only very few documented results from field tests or field applications are available. 
Usually the use of inhibitors as admixtures is recommended only for high quality 
concrete, on structures with high concrete cover and good workmanship.
The use o f inhibitors as surface applied liquids can be recommended with the 
condition that the chloride content in the concrete is not too high and that all 
corroding, cracked or spalled areas are repaired prior to the inhibitor application. 
Thus, inhibitors for reinforced concrete may prolong service life o f new and / or 
repaired structures. But both conclusive field tests and long term experience are still 
missing.
If corrosion inhibitors are to be used effectively as a repair strategy, it is important;
i) To specify the concentrations that are needed at the reinforcement level
ii) To propose and develop suitable means for demonstrating that such conditions 
are actually achieved and maintained for long times taking into account 
diffusion, leaching and etc.
iii) To demonstrate on-site that inhibitors prevent or at least delay the onset of 
corrosion or reduce the corrosion rate.
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2.7.6 Summary
In view of the literature on the use of corrosion inhibitors in the construction industry 
it can be summarised that
1. There is a lack of scientific data on the use of corrosion inhibitors and their 
field applications
2. The available field data there is often poor, with no clear evidence o f the 
amount of inhibitor applied, whether it reached the rebar and if it is 
reducing corrosion rates and extending time to cracking
3. Most of the available data on the mechanism of transport of inhibitors is 
provided by the commercial manufactures, therefore, should be 
independently assessed.
4. There are no clear evidence on the relationship between chloride levels and 
inhibitor dosage in order to prevent or retard corrosion
5. In surface applied inhibitors there is little data on the penetration versus 
concrete cover and concrete permeability.
6. According to the literature review there have not been any attempts in 
investigating the effectiveness o f corrosion inhibitors by using different 
cement chemistry (i.e. Cement blends such as GGBS, PFA and MTK). 
Therefore, the use o f inhibitors in blends would be of great interest.
7. Corrosion inhibitors are inexpensive materials that can be applied simply. 
However, in order to establish a comparative whole life costing of 
inhibitor application against other proven alternatives, such as cathodic 
protection, a clear evidence on their effectiveness in terms of chloride 
level, corrosion rate, dosage cover and longevity. This is particularly so for 
inhibitors in hardened concrete.
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For admixed corrosion inhibitors in fresh concrete, whole life coasting 
programmes are available from the manufacturers that show the coast 
effectiveness of their inhibitors versus some of their other products or 
alternative methods of improving durability in aggressive environments.
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CHAPTER 3 MATERIALS USED: SOURCE AND
SPECIFICATION 
3.1 Introduction
The cementioiis materials in the study haven divided into tlnee generic groups. A 
general description is given for each of the materials, together with additional 
information such as research into the durability related performances o f the material, 
chemical make up and, where relevant, an indication o f its use in the concrete repair 
industry.
The aggregates used in the production of the control mix were alluvial gravels of 
nominal size 10mm maximum size with absorption to surface saturated density (SSD) 
of 3.6%. The sand used was siliceous sand o f absorption of 2.55% at SSD. The 
aggregate confonned to BS 812 (BS 812 1975). The cement used was standard 
Ordinary Portland Cement (OPC) from Blue Circle works at Northfleet in Kent class 
42.5 complying with BS12: 1996.
Distilled water was used in order to prevent any interference with the setting of the 
cement, and also avoiding any possible adverse effect on the strength of the concrete. 
Impurities in water may also cause unexpected reinforcement corrosion which could 
have interfered with the results from the experimental programme.
3.2 OPC Concrete
Ordinary Portland cement is the most widely used cement: about 90 per cent of all 
cement used in the United States (total production in 1995 of about 75 million tones 
per annum) and a similar percentage in the United Kingdom (11 million tons per 
annum in 1995). OPC is perfectly suitable for use in general concrete construction 
when there is no exposure to sulphates in the soil or groundwater.
Figure 3.1, shows a comparison between early Portland cement manufactured in 1940 
with modern cements used in 1990. It was investigated that concrete o f a given 
strength in the 1990s, if made only with Portland cement 42.5, is likely to have a 
lower durability than concrete o f a similar strength made in the 1940s. This is because
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of the free water content will be sim ilar for the same workability but less cement will 
be required in the 1990s leading to grater W/C ratios and greater permeability [3.1].
IIU
A
Low permeability 
Good durability 
I W /C -0 .5 040
20 High permeability 
Reduced durability 
W/C -  0.7
1940 1990
Figure 3.1 Change in strength of concrete at a constant W/C ratio 
between 1940 and 1990 [3.11.
The concrete materials used in this study are based primarily on Ordinary Portland 
Cement. This study included ‘high’, ‘good’ and ‘poor’ quality OPC concretes. The 
chemistry o f the hydration of Portland cement concrete has been covered in Chapter
2 .
The variation in the concrete quality was used in this study to represent the wide range 
o f quality o f structural concrete encountered in industry. Depending on the specified 
depth o f cover, the ‘high’ concrete used in this study would, according to BS 8810, be 
suitable for use in any exposure class. This is because the low water /  cement ratio 
employed and resulting low permeability, would act as a very strong physical barrier 
against the ingress o f chloride ions. In addition the low permeability would prevent 
corrosion inhibitor from being lost where it is used as an admixture within the 
concrete mix.
The ‘good’ concrete used in this study represents the most commonly used quality of 
concrete encountered in the construction industry with a free water / cement ratio 
slightly above the requirements of BS 8110. The purpose of using ‘poor’ concrete in 
this study with a higher water / cement ratio than specified in BS 8110 was to obtain a 
range o f comparative data where the performance o f the various concretes could then 
be assessed.
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3.3 Cement Replacement Materials
According to the literature review, OPC based concrete have been widely used in 
almost all of the research experiments on the use corrosion inhibitors in preventing or 
retarding reinforcement corrosion. The literature review also shows that there have 
not been any published research programmes to assess the effectiveness of corrosion 
inhibitors in blended cement concrete. This leads to the conclusion that it is essential 
to investigate the physical and chemical properties of the various cement blends used 
in this study.
Three different mixes using cement replacement materials have been included in this 
study. The secondary cementing materials used were Ground Granulated Blast 
Furnace Slag (GGBS) and Pulverised Fuel Ash (PFA). As the cement hydrates it 
produces calcium hydroxide (lime) which reacts with the pozzolanas to form stable 
hydrates of calcium silicate and aluminate hydrates. These stable hydrates reduce the 
lime content of the concrete but fill the capillary pores with additional hydrate 
material. This reduces the voids within the concrete and thus reduces its permeability.
3.3.1 Ground granulated blast furnace slag (GGBS)
Blast furnace slag is a by-product o f iron production. Historically, manufacturers of 
steel have left the slag in a crystalline form sim ilar to basalt in mechanical properties. 
More recently steel mills have been quenching the slag, fonning glassy pellets. When 
the slag is in this form it has latent hydraulic properties due to the reactive nature of 
the glassy phase. The quenched slag pallets are then ground to a particle size similar 
to Portland cement to increase the surface area available for any reaction.
In the presence of water the GGBS will hydrate, dissolving partially and precipitating 
C-S-H, hydrated aluminates or silico-aluminates. The rate of hydration of slag with 
water is much slower than that o f Portland cement. Chemical activators can increase 
the degree of hydration with time. However, it is more common to find slags blended 
with OPC rather than used alone. B.S. 146, B.S. 4246 and EN 197 [3.2, 3.3 and 3.4] 
give different types and classes of slag/OPC cements. In addition to the improved 
long-term strength gain and reduced penneability one of the major attractions of well 
cured blended cement concrete is the reduction in cost.
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One tonne of OPC needs 1.5 tonnes of raw materials and 3.5 Kjoules of energy, 1 
tonne of blast furnace cement containing 65% slag with a moisture content of 15% 
needs only 0.5 tonnes of raw material and 1,7Kloules of energy [3.5].
Blending slag with Portland cement provides two activators for the slag, i.e. gypsum 
and the calcium hydroxide liberated by the hydration of C3S and C2S. The Portland 
cement usually hydrates more rapidly than the slag but both hydration processes are in 
progress within 1 0  hours of mixing.
Replacement of cement by GGBS has little effect on workability [3.6-3 8 ] but it tends 
to increase in setting time because of a slower rate of reaction between water and slag 
compared to that between OPC and water. Bamforth [3.9] found that for concretes 
within 25 and 50% slag contents the setting time was affected at 50°C but was 
unaffected at 15 and 25°C.
Oxidise (wt %)
SiÜ2 36
Ah Oj 10
FC2 Oj 0.5
CaO 40
MgO 8
SO3 0.2
Na2 0 0.4
K2 O 0.7
TIO2 0.6
Mn2 Oj 0.6
S' 1
Table 3.1 Typical Chemical Compositions of GGBS manufactured in the UK 13.31
Table 3.1, shows the typical chemical compositions of Ground Granulated Blast 
furnace Slag (GGBS) manufactured in the UK [3.3]
Cesarini and Frigoni [3.10] investigated the effect of slag replacement on bleeding 
and concluded that for the slags tested both the rate of bleed and the amount of total 
bleed increased with increasing slag content.
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The strength development of slag cements is slower than conventional Portland 
cement because of the slower rate o f hydration. However, it is also influenced by the 
chemical composition of the slag and Portland cement, the percentage of slag 
replacement, the temperature and the humidity.
Rapid initial hydration o f Portland cement has been shown in to form a more open 
pore structure [3.11]. Therefore, replacement o f cement by GGBS, slowing down the 
rate of hydration, will have a beneficial effect on the durability performance of the 
concrete
Ambient humidity effects the strength development of concretes manufactured with 
Portland cement blended with GGBS because they hydrate more slowly than 
equivalent Portland cement concrete and they are more likely to dry out at early ages. 
Many workers have reported results, which confirm this problem [3.12, 3.13]. The 
drying out of blended cement concretes obviously has a bearing on curing 
requirements, B.S. 8810 [3.14] specifies longer curing periods for concretes with 
blends of OPC and GGBS in ambient conditions where the relative humidity is less 
than 80%.
Wainwright and Tollocsko [3.15] reported a tensile strength for OPC/GGBS blend 
cement concrete approximately 20% greater than for a corresponding OPC concrete. 
The difference is thought to be attributed to the difference in hydration structure.
Opinion is divided over the effect that GGBS has on the elastic modulus o f concrete. 
Bamforth [3.16] showed that for a given compressive strength and using 75% GGBS 
replacement the concrete has a modulus between 3 and 6  kN /mm^ higher than the 
reference concrete. In contrast Winwiight and Tolloczko tested concretes with varying 
slag contents and found little if any difference in modulus.
The influence o f GGBS on drying shrinkage is small. Comparison of results from 
different studies may be misleading because of the different test methods used by 
researchers. Replacement o f cement with GGBS has little effect on thermal expansion 
as this is mainly influenced by the type o f coarse aggregates in the concrete. Bamfroth 
found a reduction o f 3 % with concrete manufactures with 75% replacement for OPC
[3.16].
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It is of note that the principle oxides in GGBS are the same as those found in OPC, the 
quantity of these oxides vary from blast furnace to another and are dependent on the 
raw materials used and processes employed. Molten slag must be quenched by either 
water or cold air and water jets. This rapidly reduces the temperature of the molten 
slag that cools into pellet form a constant particle size and chemical composition. 
These pellets are then granulated using the same plant and methods as cement 
powder. The surface are of GGBS is 400 m  ^ / kg. The relative density of GGBS is 
around 2.9g/cm’, as opposed to the relative density of OPC, which is 3.10-3.15 g/cm ’; 
therefore there is a grater volume o f cementitious material present in a concrete made 
with GGBS replacing a percentage of the Portland cement.
The inclusion of GGBS markedly reduces the temperature generated by the hydration 
process (Table 3.2) and hence greatly reduces the risk of thermal cracking. The 
inclusion of GGBS allows the use of binder rich concretes to be used with a reduced 
risk of thermal cracking and therefore improves the potential durability o f structures 
made using such mixes, [3.17].
The inclusion of GGBS in concrete also increases the resistance of concrete to attack 
from sulphates, seawater, chloride ions and alkali silica reaction. Because the 
hydrated blended cement paste has a reduced quantity of both Ca (OH)] and C^A.
The GGBS used in this study was supplied by Civil and Marine Slag Cement limited 
and came in powder form and the trade name of the GGBS used was simply Ground 
Granulated Blast Furnace Slag.
Binder
Combination
Temperature rise (°C)
Per 100kg of binder, 
Im thick section
Temperature rise for various binder contents (°C)
350 kg/ m^ 400 kg/ m^ 450 kg/ m" 500 kg/ m^
OPC 12 42 48 - -
50 OPC / 50 
GGBS
7 25 28 32 35
70 OPC / 30 
GGBS
5 18 20 23 25
Table 3.2 Temperature data for concrete cross sections with minimum dimension 
of Im at various binder contents and proportions of GGBS 13.171
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3.3.2 Pulverised Fuel Ash (PFA)
PFA is a waste product of the coal fired electricity generating process where finely 
ground coal is injected into furnaces and burnt at temperatures around 1500°C. On 
cooling, the waste matter in the coal forms fine spherical particles, which are carried 
out by the flue gases and collected electro-statically on the walls of the Hue chimneys.
The use of this waste product as a pozzolana was first extensively researched in 1973 
by Daves et al [3.18]. This work provided the basis of many of the standards on PFA 
use. However, it was not until energy costs escalated in the 1970’s, combined with 
increasing quality of PFA produced, that interest in the use of PFA in concrete grew. 
Table 3.3 shows average values oxide analysis for PFA’s produced in the UK [3.19]
Oxidise Mean (wt %) Range (wt %)
Si02 48.7 4 1 .7 -5 2 .7
AI2 O3 27.8 20.3 -  35.7
F02 Oj 9.2 5 .4 -1 2 .5
CaO 3.0 1.1- 7 .8
MgO 1.9 1 .5 -  2.4
SOj 0.9 0.1 - 1.2
Na2 0 1.3 0.1 - 6 .3
K2 O 2.4 1.1 -  3.1
Ti02 1.1 0 .1 -1 .5
P2 O5 0.3 0.1 -0 .7
Table 3.3 Average Values for oxide analysis for PFA s produced in the UK 13.19!
PFA is a pozzolana that consists principally of fine, typically 1- 50 microns 
aluminosilicate glass spheres with small quantities of crystalline minerals such as 
quartz. The fineness of the material is usually classified as the percentages retained on 
a 45 |im sieve, the less material retained the better its properties. Its bulk density is 
around 800 kg / m  ^ and its colour ranges from creamy to dark grey depending on the 
carbon ion content. It has a relative density of between 1.9 and 2.4, approximately two 
thirds that of cement. This means that the use of PFA increases the amount of 
cementitious material present in a concrete. PFA is used as a cement replacement up 
to 30% of the Portland cement.
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The inclusion of PFA has been found to increase workability, improve sulphates 
resistance in structures in contact with soil and ground water and reduce the risk of 
alkali silica reaction. There may be a reduction in plastic shrinkage cracking 
combined with a reduction in the risk of thermal cracking, which may also result in a 
long-term improvement in durability.
The addition of PFA to concrete has several physical influences, it disperses 
flocculating cement grains, it increases particulate packing (the PFA particle spherical 
shape act like ball bearings) and water is entrained on the surface of the particles. The 
sum of these influences is to reduce the water demand, bleeding and segregation of 
the mix, improve the workability, homogeneity and finish therefore producing a 
denser matrix in the hardened state. PFA can be added to a mix in one of two ways:
1) Replacement o f cement, mass for mass (weight by weight)
2) Design of a mix to achieve specific properties.
In both cases trial mixes will be required to determine the final properties o f the mix. 
Mimday [3.20] reviewed several m ix design methods and from this work developed a 
mix design technique, which has been shown to work well.
Research into the strength development o f concretes with PFA up to 28 days is much 
the same as OPC concrete when designed to the same specification [3.21, 3.22]. The 
similarity ends after 28 days, the OPC / PFA concrete carries on gaining strength at 
about the same rate while OPC concrete gains strength slowly. This is usually 
attributed to the initially slow pozzolanic reaction o f PFA with the Ca(OH) 2 produced 
by the hydrating cement.
The modulus of elasticity o f PFA concretes has been shown to vary with compressive 
strength in much the same way as OPC concretes [3.23], creep is commonly reported 
as lower in concretes with PFA [3.24, 3.25]. PFA is reported to decrease the drying 
shrinkage o f concrete [3.26], and although not fully understood, this is commonly 
attributed to the finer paste structure thus restricting the movement of pore water.
The permeability of OPC / PFA and OPC concretes has been found to be similar
[3.27] for concretes designed to the same specification up to 28 days of age. After this 
age the permeability of PFA concretes is lower than that o f OPC concretes. This is 
reasonably attributed to the pozzolanic reaction depositing gel products and thus 
reducing pore sizes.
71
Chapter 3: Materials Used
PFA also increases the resistance of concrete to sulphate attack in two ways. It 
reduces the amount of C 3 A  and Ca(0 H )2 available in the hardened paste by replacing 
part of the cement and also reduces the permeability of the matrix, thus resisting the 
access of the aggressive solution.
Stuart et al [3.28] studied the effect of two superplaticiser additions on the 
compressive strength and modulus of mortars containing PFA. He found that the 
effectiveness of superplasticisers for increasing strength decreased with increasing 
PFA addition.
Diamond [3.29] investigated the effect of two different PFA’s on the alkali content of 
expressed pore solution. He found that neither PFA contributed to the alkali content 
despite having substantial NaO] contents, indeed, one of PFA’s extracted a small 
amount of alkali from the pore solution. It is generally accepted that the alkalis 
present in PFA do not contribute to the free alkali available for alkali-silica-reaction
[3.30]. However, it should be noted that a replacement level of PFA for OPC of at 
least 25% is required for the full benefits to be realized.
Results from work on the carbonation of PFA concretes [3.31-3.33] have varied, 
opinion generally is that PFA concretes designed to the same specification as OPC 
concrete will have similar carbonation performance.
The PFA used in this study was supplied by Ash Resources Limited and came in 
powder form.
3.4 Superplasticisers
Superplasitcisers are water reducing agents that are often used to make concrete 
stronger by allowing the lowering of the water-cement ratio at a fixed workability, or 
increase the workability of standard mixes without affecting the free water-cement 
ratio. According to a report by the BRE (2000), superplasticisers can reduce the water 
content by up to 30%. These materials are water-soluble organic polymers that are 
generally the product of complex polymerisation processes.
The molecules within these polymers are long and of a high molecular mass. These 
molecules keep the cement particles properly deflocculated and therefore in a full 
state o f dispersion [3.34]
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The superplasticisers used during this study were Connix / Daracem SP5 and Sikamet 
SIO. Cormix / Daracem SP5 is based on sulphonated melamine formaldehyde 
condensate whereas Sikamet 810 is a more powerful superplasticiser containing 
sulphonated vinyl copolymer which is designed to help retain workability o f the fresh 
concrete allowing a longer handling and placing time.
3.5 Admixed Corrosion Inhibitors
This type of inhibitor is incorporated into a concrete mix in order to prevent, or retard, 
the initiation o f corrosion. A full description on the mechanisms and properties of 
corrosion inhibitors is given in Section 2.7. Two commercial types of admixed 
inhibitors were used in this study in order to establish an independent assessment of 
their effectiveness in preventing corrosion o f reinforcement in concrete.
3.5.1 Sika FerroGard - 901
Sika FerroGard-901 corrosion inhibitor is a liquid concrete admixture formulated 
from Sika FerroGard Technology for reinforced concrete and mortars. It acts as 
corrosion protection for embedded reinforcing steel, especially from the influences of 
chlorides. By using Sika Ferrogard-901 is an ambiodic inhibitor which is claimed to 
reduce the anodic and cathodic reactions of the corrosion process. The product is 
claimed to form an adsorbed film on the steel surface, which reduces dissolution of 
iron at the anodic sites and acts as a bander to oxygen at the catholic sites. Sika 
Ferrogard-901 is a blended combination of organic and inorganic inhibitors.
Sika Ferrogard-901 is especially formulated for reinforced concrete subject to high 
risk of corrosion. It also provides protection in carbonated (pFI< 9) and chloride 
containing concrete (up to 2% at the level of steel). It can be applied in various fields 
such as concrete roads, bridges, tunnels, retaining walls, chemical and industrial 
plants, car parks and marine structures. According to the manufacturers the Sika-901 
has the following advantages [3.35]. The technical details of the commercial inhibitor 
Sika Ferrogard-901 are presented in Table 3.4 [3.35].
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It provides long term protection.
Protects both anodic and catholic areas of steel,
Economical extension of service life of all types of reinforced concrete 
structure
Acts as corrosion protection for embedded reinforcing steel, especially 
from the influences of chloride.
Does not have any negative intluence on the properties of fresh and 
hardened properties of concrete
Can be used in conjunction with other Sika admixtures, retarders, air 
entrainers, superplasticicsers and accelerators 
Easily dosed 
Non toxic
Colour Blue/Green Liquid
Specific Gravity 1.06
Air Entrainment Slight increase when used in
conjunction with Sikamet SIO
Chloride Content Nil (i.e. less than 0.1% w/w)
Ph Value 10 ± 1
Effect on Setting Minimal
Freezing Point -1 °C
Dosage 3 -  4 % by weight of cement
Suitability All Portland cements including
SRC, PFA and GGBS
Table 3.4 Technical details of the commercial inhibitor Sika Ferrogard-901 13.351
3.5.2 DCI (Grace) Corrosion Inhibitor
DCl® Corrosion Inhibitor is a liquid added to concrete during the batching process. It 
chemically inhibits the corrosive action of chlorides on reinforcing steel and 
prestressed strands in concrete. DCl contains 30% calcium nitrite. It is recommended 
for all steel-reinforced, post-tensioned and pre-stressed concrete that will come in
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contact with chlorides from de-icing salts, and marine environment and airborne 
chlorides.
DCI corrosion inhibitor containes calcium nitrite, which thought to react with the 
reinforcing steel, providing a barrier, which prevents chloride interaction with the 
steel. Corrosion initiation is delayed and corrosion rates are kept under control
Once corrosion has been inhibited, physical disruption of the concrete due to rust 
formation will not occur. When added to concrete in sufficient quantity, as determined 
by the anticipated chloride ion content of the concrete over the design life of the 
structure the inhibitor is expected to improve the durability by maintaining an active 
corrosion controlling system within the concrete matrix.
DCI is a neutral-set corrosion inhibitor at 22°C. In some cases, environmental 
conditions may require the addition of an accelerator or retarder.
DCl at the normal addition rate may slightly reduce the entrained air content. It may 
be necessary to increase the dosage o f the air-entraining admixture to compensate. 
Project specification for DCI generally will show requirements of 5 ± 1% air in the 
hard or fresh concrete. The technical details of the DCI corrosion inhibitor used are 
presented in Table 3.5 [3.36].
Colour Light Brown Liquid
Specific Gravity 1 .2 5 - 1.35 at 20 °C
Air Entrainment 5 ±  1%
Sulphate Content < 100 ppm
Chloride Content Nil, per BS 5075: Part 1
Freezing Point -15 °C
Dosage 1 0 - 3 0  Litre/m^
Compatibility All Portland cements including 
Concretes containing pozzolans
Table 3.5 Technical details o f the commercial inhibitor DCI 13.361
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3.6 Migratory Corrosion Inhibitors
As described in section 2.7.7 this type o f inhibitors is used as a part of a repair strategy 
on an existing concrete structure subjected to deterioration due to reinforcement 
corrosion. There are limitations controlling the effectiveness of the migratory corrosion 
inhibitors such as chloride content, permeability, and the degree and scale o f damage 
present on the surface of the reinforcement.
Although surface applied corrosion inhibitors have the advantages of being a non­
destructive and simple to use, however, they must not be considered as a solo repair 
material but must be considered as a part o f a long-term repair and preventive scheme. 
One type of commercial corrosion inhibitor was used in this study for surface 
application.
3.6.1 Sika FerroGard -  903
Sika FerroGard-903 is applied as an impregnation onto the surface o f the concrete. The 
corrosion inhibitor is thought to penetrate into the concrete and subsequently protect the 
reinforcement by forming a protective layer on the steel surface. Through this the onset 
o f corrosion is delayed and the rate o f corrosion reduced
It can be used as a preventive measure, providing corrosion protection of reinforcement 
in all types of concrete structure above and below ground. It is also used during the 
repair and maintenance, as treatment of undamaged reinforced concrete where steel is 
corroding or in danger of corrosion due to the effects of chloride attack or carbonation. 
Sika FerroGard-903 is sold as being particularly suitable for extending the service life 
of aesthetically sensitive surface such as board finishes and exposed aggregates.
Sika FerroGard-903 penetrates the concrete at 2-20 mm per day and forms an absorbed 
layer 100-1000 angstrom thick on the surface o f the steel reinforcement [3.35]. This has 
no measurable effect on the bond between steel and concrete. The absorbed layer 
displaces hydroxides (from carbonation) and chlorides (up to 1 - 2  %) at the steel surface, 
which is the requirement in the vast majority of repairable structures. Sika FerroGard -  
903 is normally applied as part of a corrosion management strategy.
All concrete or mortar substrates must be sound, clean and free from oils, grease, 
efflorescence or surface contaminants and old coatings. All those materials must be
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mechanically removed. For large areas high pressure water blasting is recommended. 
Best results for application of the inhibitor will be obtained on clean, absorbent 
substrates.
It is recommended by the manufacturer that inhibitor must be applied to saturation at a 
minimum consumption rate of 0.5kg/ m^ /coat by brush, roller or low-pressure hand- 
spray equipment. Normally 3 - 5  coats are required to meet the recommended 
consumption rate. The surface must be allowed to dry between coats (typically 2-6 
hours).
According to the manufacturer, if areas are to be treated with Sika-903 the following 
procedure has to be observed:
• Allow to dry for at least 1 day
• Wash down thoroughly with high-pressure water jet.
• Allow to dry
• Prepare surface
In this study where the specimens are relatively small the inhibitor was applied using a 
small brush. It is applied on the concrete surface in 3 -  5 coats to achieve total 
consumption of 0.5 kg/m^.
According to the manufacturers the Sika-903 has the following advantages [3.35].
• Long term protection
• Renewable
• Protects both anodic and catholic zones of the steel
• Highly coast effective
• Water based
• No effect on water vapour diffusion or other concrete properties
• Economical extension of the service life of all types of reinforced concrete
structures
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• Can be applied to the surface o f existing repairs and the surrounding areas to 
prevent the setting up o f incipient anodes.
• Can be applied where other repair/prevention options are not available
• Penetrates through the structure to protect remote areas of reinforcement.
• Can be used as part of a simple yet effective concrete repair system
• Effective in concentrations up to 2% chloride ion / weight of cement at the 
depth of reinforcement. This accounts for the vast majority of repairable 
structures
• Can be brushed or low-pressure spray applied or ponded onto the external 
surface of a structure and allowed to penetrate to the steel interface without the 
need to break out the concrete
• The technical details o f the Sika-903 inhibitor used are presented in Table 3.6 
[3.35
Colour Transparent Liquid
Viscosity (20°C) 25m Pa s
Application Temperature Minimum +5°C
Ambient and Substrate Maximum +40°C
Penetration Rate Up to 20mm/day
Penetration Depth >80mm in 7 days (no limit)
Dosage 0.5 kg/m^
Table 3.6. Technical details of the commercial inhibitor Sika FerroGard-903 13.35!
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CHAPTER 4 EXPERIMENTAL PROGRAM
4.1 Introduction
This chapter details the design and manufacture of the specimens used in the 
laboratory for this study. The test methods used are also described. The main aims of 
this section of work was to
i) Monitor the ‘time to initiation of corrosion’
ii) Monitor rate of corrosion
iii) Monitor the effectiveness of the corrosion inhibitors
4.2 Specimen Manufacture
In order to investigate the effectiveness o f the treatments on varying corrosion rates, 
small-scale specimens, 215mm x 330mm x 110mm, were manufactured with three 
sets of reinforcing bars at three different depths. The steel was located at 10mm, 
25mm and 40mm depths Figure 4.1. Different cover depths were used for the 
following reasons:
i) To enable the measurement o f the time to corrosion with increasing depth of 
cover.
ii) To model the covers which the materials might be expected to be provided in 
the field.
A group o f three bars at each depth of cover was necessary to provide information on 
the unifonuity of the time to initiation of corrosion and also to enable the bars to act 
as the auxiliary electrode when using the polarisation resistance technique of 
corrosion rate detenuination.
The moulds used for these specimens were made o f 5 plywood parts as seen in Figure 
4.2. The bottom part had a chamfered plate added in order to form the pond shape to 
enable liquid ponding. Each of the two longer sides has nine holes, located in three 
different height levels where the steel bars were placed.
The moulds where covered with plastic sheet to prevent the fresh concrete from 
sticking to the plywood and therefore make it easier to de-mould the specimen, and 
also to prevent absorption o f moisture from the fresh concrete.
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To produce the cubes required for this study steel moulds with dimensions of 
lOOmmxlOOmmx 100mm have been used. The preparation of the cube moulds 
involved only the cleaning of the residues. Oil on the internal sides is used in order to 
ease de-moulding.
lO m m 4 0 m m
2 1 5 m m
P onding Surface
:  -
O  O  O  1 0 m m  O O O
i  i
2 5 m m o o o 4 0 m m
t
3 3 0 m m
-4 --------------------------------------------------------------------------------------------------
I 1 0 m m
E levation
Figure 4.1. Schematic diagram of ponding Specimen showing location of reinforcing
steel bars
84
Chapter 4: Experimental Program
Figure 4.2 The prepared Mould with the Embedded Reinforcement 
4.2.1 Reinforcement Preparation
The steel electrodes were manufactured from 6 mm diameter mild steel bar. The bars 
were cut to length, turned to a bright steel finish, degreased with acetone to remove 
any manufacturing grease and stored in a desiccator awaiting the application o f the 
protective coating.
The bars were coated with a cement paste made of the same water cement ratio as the 
mix, similar to that used by Page and Lambert [4,1], The bar ends were dipped into 
the paste to an appropriate length and left to dry overnight. A second coat of the paste 
was applied in the same manner the following day and again left to dry overnight. 
Care was taken to ensure that only cement paste was in contact with the steel.
A final coat of marine varnish was applied to the bar ends by dipping and left to diy 
overnight. A lathe was also used to remove the excessive paste from the centre of the 
bar leaving an exposed steel area of 120mm. Paste was also removed from one end of 
the bar to facilitate electrical connection once the bar was embedded in the specimen.
85
Chapter 4: Experimental Program
310mm
120mm 20mm
- i — ►
6mm diameter mild steel bar 
cement paste (2 coats) 
marine varnish
Figure 4.3 Schematic Illustration of Typical Reinforcement Bar
The bars were then stored in a desiccator until needed for casting. A diagram of 
finished bar is shown in Figure 4.3.
The bar coating served two purposes.
1. It prevented preferential corrosion o f the bar ends which protrude from the 
specimen.
2. It ensured that a standard area of steel was exposed on every bar in every 
specimen. This is important as the corrosion current can only be calculated 
when the corroding is known.
4.3 Casting Procedure
The specimens were cast in wooden moulds with the ponding face downwards. This 
insured that the ponding surface was of a consistent quality and also that the ponding 
lip was an integral part o f the specimen preventing any leakage problems. If a 
towelled surface had been use then the finish would be operator sensitive and 
therefore more visible. The moulds were lined with polythene to remove any possible 
effects that the presence of demoulding oil may have on the surface.
Standard batching and m ixing procedures were adopted. The aggregates were batched 
in an oven-dried state the day before mixing and left to soak overnight in the added 
mix water.
Before placing the soaked aggregates in the m ixer drum, a damp cloth was wiped over 
the surface of the drum and the mixer blades to prevent absorption of the mix water.
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The aggregates were then placed in the drum and mixed for a short period before 
adding the cement. Two mixers were used for these materials, depending on the batch 
size;
1. Cumflow 4404, 50 -  175 kg.
2. Zyklos ZZ30, 30 -  50 kg.
The mixing of the material took place in different cycles according to the planned 
program. The prepared batch was then placed into the mixer whereas; the required 
amount of OPC or blended material was weight and placed into the mixer. The mixing 
procedure started for two to three minutes during which the corrosion inhibitor was 
added in the required amount.
4.3.1 Mould Filling
The steel rods were inserted into the pre-drilled holes and the depth of cover checked. 
The moulds were placed on a vibrating table and filled in three layers. Each layer was 
vibrated for a period of about a minute to remove air in order to achieve good 
compaction according to (BS 1881: Part 108:1983).
Care was taken to avoid over vibration in order to prevent segregation. The surfaces 
were finished with a steel float, covered with damp cloth and polythene sheet and left 
for 48 hours. The moulds were then stripped, the specimens labelled, bar ends 
greased, to prevent rusting, then placed in a curing chamber (R.H. 100%, temperature 
20°C) for further 26 days Figure 4.4.
During the first 21 day period between the end o f curing and the start of monitoring, 
all of the specimens had two coats o f high performance anti-slip floor coating applied 
to their sides. This was to restrict the ingress and egress of gases and moisture through 
the sides of the specimens.
Cubes were also cast from each m ix in the same manner on a vibrating table and then 
placed in the curing room for 24 hours. The following day the cubes were then de­
moulded, labelled and returned to the curing room for further 2 days, 27 days, 
3months and 1 2 months in order to be examined for their planned physical tests.
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Figure 4.4 Curing conditions of Specimens in the Curing Room
4.4 Specimens Set up
The purpose of this section is to discuss the ways and the reasons the laboratory 
specimens have been designed. Due to the fact that there several variables involved in 
making the concrete specimens such as water cement ratio, cement type and corrosion 
inhibitor, therefore, a table containing all types of samples was produced prior to 
calculating the mix designs table 4.1.
w /c OPC 30OG 250P OS OD 30OGS 30OGD 2 5 0 PS 250PD
0.26 3 2 2 1 1 1 1 1 1
0.40 3 2 2 1 1 1 1 1 1
0.65 3 2 2 1 1 1 1 1 1
Table 4.1 Specimens set up; the numbers in the table represent the number of
specimens produced
The following notation was used in identifying the various mixes. A numeric prefix 
was used to denote the OPC replacement level and a letter suffix indicate the 
replacement material. For example 30OG describes a mix containing 30% GGBS and 
70% OPC as for the mixes admixed with corrosion inhibitors such as 250PS it
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describes a m ix containing 25% PFA, 75% OPC and admixed with Sika FerroGard 
901-corrosion inhibitor. A schematic description on the use o f the notation is shown 
below.
io§
Hie iiiimbei^ 1, 2 or 3 represent the \^ te r  
cement ratio 0.26,0.40 and 0.65 respectively
S -S ilei FeiTogai'd901 admixed Inhibitor 
OR
D -  B Q  adnaxed corrosion inhibitor
OG
100% OPC
70%OPC+30%GGBS
4.5 Mix Design
The different concrete mixes were prepared in accordance with the Building Research 
Establishment design of normal concrete mixes (1997). A concrete mix can be 
designed in different ways, some which are based on achieving a required 28 days 
strength or permeability, and other designs are based on direct weight-by-weight 
replacement
A simple approach has been adopted in this study that involves partial replacement of 
the Ordinary Portland Cement (OPC) used in the 100% OPC control samples, with an 
equal weight of GGBS, and PFA. The levels of OPC replacement were 30% and 25% 
respectively. The concrete mixes have been divided into three groups according to 
their free water cement ratio as follow:
• High quality concrete m ix
• Good quality concrete mix
• Poor quality concrete mix
The details of the calculations used for the three types of mix design used in this study 
are shown in appendix A.
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4.5.1 High Quality Concrete Mixes
Table 4.2 summarises the concrete mix proportions by weight. These proportions 
were used to assess the slump, porosity, permeability, density and compressive 
strength of the various mixes. The following parameters were used throughout this 
study.
• A constant water cement ratio of 0.26
• 450 kg/m' cementitious content
• A cementitious: Sand: Coarse aggregate ratio of 1: 1.3: 2.55.
In order to achieve a high workability mixes in such a low water cement ratio it 
essential to use SIO superplasticiser. The dosage used ranged from 0.5% to 1.5% by 
weight of cementtious material
Material Mix
lO
Mix
lOG
Mix
lO P
Mix
IQS
Mix
lO D
Mix
lOGS
Mix
lOGD
Mix
lOPS
Mix
lOPD
OPC 1.0 0.70 0.75 1.0 l.O 0.70 1.0 0.75 0.75
GGBS - 0.30 - - - 0.30 0.30 - -
PFA - - 0.25 - - - - 0.25 0.025
SIKA - - - 0.04 - 0.04 - 0.04 -
DCI - - - - 0.045 - 0.045 - 0.045
10mm
Aggregate
2.55 2.55 2.55 2.55 2.55 2.55 2.55 2.55 2.55
Sand 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Free
Water
0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26
Added
Water
0.112 0.112 0.112 0.112 0.112 0.112 0.112 0.112 0.112
Table 4.2, Paste mix proportion, bv weight of cement of the high quality concrete
mix used in this study. (0.26 W/C)
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4.5.2 Good Quality Concrete Mixes
Table 4.3 summarises the concrete mix proportions by weight. These proportions 
were used to assess the slump, porosity, permeability, density and compressive 
strength of the various mixes. The following parameters were used throughout this 
study.
• A constant water cement ratio of 0.40
• 450 kg/m ’ cementitious content
• A cementitious : Sand ; Coarse aggregate ratio of 1 : 1.25 : 2.46
In order to achieve a high workability mixes in such a low water cement ratio it 
essential to use SIO superplasticiser. The dosage used ranged from 0.5% to 1.5% by 
weigh of cementtious material
Material Mix
2 0
Mix
20G
Mix
2 0 P
Mix
20S
Mix
20D
Mix
20G S
Mix
20G D
Mix
20P S
Mix
20PD
OPC 1.0 0.70 0.75 1.0 1.0 0.70 1.0 0.75 0.75
GGBS - 0.30 - - - 0.30 0.30 - -
PFA - - 0.25 - - - - 0.25 0.025
SIKA - - - 0.04 - 0.04 - 0.04 -
DCI - - - - 0.045 - 0.045 - 0.045
10mm
Aggregate
2.46 2.46 2.46 2.46 2.46 2.46 2.46 2.46 2.46
Sand 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
Free
Water
0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Added
Water
0.11 0.11 0.11 0.11 0.11 O i l 0.11 0.11 0.11
Table 4.3, Paste mix proportions, bv weight of cement of the good quality 
concrete mix used in this study (0.40 W /O
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4.5.3 Poor Quality Concrete Mixes
Table 4.4 summarises the concrete mix proportions by weight. These proportions 
were used to assess the slump, porosity, permeability, density and compressive 
strength of the various mixes. The following parameters were used throughout this 
study.
• A constant water cement ratio o f 0.65
• 450 kg/m' cementitious content
• A cementitious : Sand : Coarse aggregate ratio of 1 : 1.17:2.3
Material Mix
3 0
Mix
30G
Mix
3 0 P
Mix
3 0 S
Mix
3 0 D
Mix
30G S
Mix
30G D
Mix
30P S
Mix
30PD
OPC 1.0 0.70 0.75 1.0 1.0 0.70 1.0 0.75 0.75
GGBS - 0.30 - - - 0.30 0.30 - -
PFA - - 0.25 - - - - 0.25 0.025
SIKA - - - 0.04 - 0.04 - 0.04 -
DCI - - - - 0.045 - 0.045 - 0.045
10mm
Aggregate
2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
Sand 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17 1.17
Free
Water
0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
Added
Water
0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Table 4.4. Paste mix proportion, bv weight of cement of the poor quality concrete
mix used in this study (0.65 W/C)
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CHAPTERS TESTING PROCEDURE
This chapter discusses the testing procedures for the chemical and physical properties 
o f the various concrete mixes used in this investigation. The fresh and hardened 
properties of the mixes were tested using standard experiments whenever possible.
5.1 Fresh Property Tests
Using the following test technique the behaviour o f the freshly mixed material was 
assessed.
5.1.1 Slump Test
The purpose of a slump test is to determine the consistency and workability of fresh 
concrete and to check its uniformity. This technique is especially useful for assessing 
the fresh properties of medium to high workability concretes, in the region of 15- 
175mm slump.
The slump test is carried out in accordance to BS 1881 : Part 102:1983 for all mixes. 
When carrying out the slump test three types of slumps are expected: true, shear and 
collapse Figure 5.1 [5.1].
Shear CoUâpSê
Figure 5.1. showing the various types of slumps
Description of Workability Slump (mm)
No slump 0
Very low 5-10
Low 15-30
Medium 35-75
High 80-175
Very high 160 to collapse
Table 5.1. Description of Workability and Magnitude of Slump 15.11
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5.1.2 Vebe Time
This method of testing is used to assess the workability of fresh concrete mainly in 
mixes with lower free water cement ratios with very low to low workability. The 
method applies to plain and air-entrained concrete made with light weight, normal or 
heavy aggregates having nominal maximum size of 40mm or less but not to aerated 
concrete, no-fmes concrete and concrete which cannot be compacted by vibration 
alone. The Vebe time test was carried out in accordance to BS 1881 : Part 104: 1983.
Figure 5.2 -  Vebe Apparatus
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5.1.3 Compacting Factor
The purpose of this test was to determine the compacting factor of concrete of low, 
medium and high workability. The method applies to plain and air entrained concrete, 
made with light weight, normal weight or heavy aggregates having a nominal 
maximum size of 40mm or less. The measurement of compacting factor is not suitable 
for determining the workability of concrete when the value obtained lies out side the 
range o f 0.70 to 0.98. The test was carried out in accordance to BS 1881 : Part 103; 
1993. The compacting factor was calculated from the following formula:
Compacting factor = mi
Where
mp Is the mass of the partially compacted concrete (in g)
mf Is the mass of the fully compacted concrete (in g)
Figure 5.3 -  Compacting factor aooaratus
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5.2 Physical Property Tests
5.2.1 Density
The saturated density (p) of the hardened cement paste of concrete is defined as the 
mass of a unit volume in (g/m ’). The density is measured in accordance to BS 1881; 
Part 114: 1983. It can be determined using the following equation
P = ( - )
V
Where:
P
m
V
Density (g/m ) 
Sample mass (g) 
Sample volume
In order to determine the saturated density of the various concrete mixes a 1 0 0 mm 
cube samples have been used. For each mix cubes were de-moulded and placed in the 
cuing room. After 28 days the cubes were removed from the curing room and surface 
dried using clean paper towel and weighed on an electronic balance accurate to three 
decimal places. In order to obtain the volume o f each sample a water displacement 
technique was used which is based on the fact that the volume of the cube is 
equivalent to the mass of water displaced (Figure 5.4).
Figure 5.4 Volume measurement technique
97
Chapter 5: Testing Procedure
5.2.2 Compressive strength
All concrete mixes used in this study have been subjected to compressive strength 
testing in accordance with BS 1881: Part 116: 1983 using a Dennison compressive 
testing machine (Figure 5.5). A 100mm cubes have been used for this purpose o f this 
test and the test have been conducted at 3days, 7days, 28days, 3 months and 1 year in 
order to assess the development of the strength. A typical failure characteristic is 
shown in Figure 5.6.
Figure 5.5. Compressive strength apparatus
C om pressive
load applied Failure
characteristics
Figure 5.6, Cube failure under compressive load
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5.2.3 Initial Surface Absorption (ISAT)
The method measures the rate at which water is absorbed into the surface and must 
not therefore be thought of as a test to measure the bulk permeability of concrete. A 
measurement of the surface concrete properties is however of interest in relation to 
many concrete performance criteria such as durability of embedded steel, frost 
resistance and weathering. The test was carried out in accordance to BS 1881-Part 
208:1996. In this method [5.2] a cap with a minimum surface area of 5000 mm2 is 
sealed to the surface and filled with water, (Figure 5.7).
The rate at which water is absorbed into the concrete under a pressure head of 200mm 
is measured by movement along a capillary tube attached to the cap. The rate of 
surface absorption is measured at 10 min, 30min and Ihour intervals. The concrete 
specimens used for this test in the study were non-oven dried and have been allowed 
to dry in the laboratory air at a temperature of (20±2) °C for 48 hours before testing 
Table 5.2 gives guideline results to be expected for well-cured concrete [5.3].
Concrete
Absorption
ISAT Results mL/m^/s
10 min 30 min 1 hour
High >0.50 >0.35 >0.20
Average 0.25-0.50 0.17-0.35 0.10-0.20
Low <0.25 <0.17 <0.10
Table 5.2 Typical results of Initial Surface Absorption Test 15.31
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C a p a a r y  « n d  « ea l»
1 ,ii
Figure 5.7 Initial Surface Absorption Test (ISAT) Apparatus 15.21.
5.3 Reinforcement Corrosion Tests
5.3.1 Ponding Regime
It has been demonstrated in section 2.4.2 that a wet / dry ponding cycle may be the 
most aggressive environment for promoting the penetration of chloride ions into 
concrete. This was also used by Chadwick and Mulheron [5.4, 5.5] during their work 
at the University o f Surrey. It was decided to use a one week wet / one week dry 
ponding cycle in this work to simulate this action. All control specimens in this have 
been ponded with a saturated calcium hydroxide solution throughout the testing 
period to prevent long-term leaching of calcium hydroxide from the hardened cement 
paste. The ponding regimes used are tabulated in appendix B table B2.
The aim of this initial water ponding was to standardise the moisture condition of the 
specimens. During all ponding periods in the programme the ponded surfaces of the 
specimens were covered with polythene sheet to minimise loss of ponding solution 
through evaporation. After two days ponding with distilled water the first set of rest 
potential (Ecorr) and polarization resistance (Icor) readings were taken.
100
Chapter 5: Testing Procedure
After the initial measurements have been taken all specimens had the distilled water 
removed and were ready to be cured according to their desired ponding regime. The 
three control specimens made of 0.26, 0.40 and 0.65 W/C OPC concrete were ponded 
in water from the curing tank and kept wet throughout the study.
The rest of the specimens were ponded in 5% (by weight) sodium chloride solution on 
the basis of one week wet/ one week dry cycles where the were tested at the end of 
each wetting cycle. This wet/monitor/ dry cycle was repeated for between 10 to 22 
months depending on the specimen type.
5.3.2 Half-cell Potential
The half-cell potential, also known as the rest potential, Ecorr, was determined for 
each of the bars in a specimen using the circuit diagram shown in Figure 5.8. The 
history of the use of this technique for assessing the corrosion stats o f steel in concrete 
is well established. The saturated calomel electrode Figure 5.9, was used for the 
determination of all half-cell potentials in this study due to its long term stability
Due to the need for a path of good electrical conductivity between the saturated 
calomel reference electrode Figure 5.8, and the steel through the concrete, all readings 
were taken with the ponding solution in place. This also prevented any possible errors 
due to changing resistively as the concrete dries out
Saturated Calomel Electrode (SCE)
Wetted Cloth
•  • •
Figure 5.8. Circuit diagram for measuring steel potentials.
01
Chapter 5: Testing Procedure
! f f i i û : Ï E 0
E lectrical connection
P latinum  W ire
Saturated Potassium  
Chloride So lution 
(Salt bridge)
M ercurous Chloride
M ercury
Sintered G lass Base
Figure 5.9 Saturated Calomel Electrode
5.3.3 Polarization Resistance
Polarization resistance (Rp) is an electrochemical technique for determining the rate of 
corrosion of metal without removing them from the test environment. The technique 
was developed by Stern [5.6], from earlier work by Stem and Geary [5.7] on the 
‘breaks’ in polarization curves. The application o f Rp to the problem of corrosion of 
steel in concrete was demonstrated by Stern and has been well documented since. A 
review of previous work is given in Section 2.5 .2.
When an electrode is displaced from its rest potential, i.e. polarized, a current is 
produced. If the magnitude of polarization is less than 30mV then the relationship 
between polarization and current density is linear. The equipment used to impose and 
maintain the polarization is a potentiostat.
These take many forms, ranging from the simple circuit diagram shown in Figure 5.10 
to microprocessor controlled models. In this study a Ministat 401 Potentiostat was 
used (Thompson Electrochem Ltd), Figure 5.11.
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Reference
Electrode
Tube
Ponding Surface
Am meter\  oltm eler
I AssistantVoltm eterP o t e n l i o s l a l
Auxiliary Electrode
Exposed Steel Testing Area W orking Electrode
Figure 5.10 Circuit diagram for measuring Polarization Resistance
Figure 5.11 The experimental arrangement used for measuring Polarization
Resistance
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The letters shown in Figure 5.11 represent the following equipments:
a) Digital multimeter, reading millivolts (mV)
b) Potentiostat
c) Assistant digital multimeter, reading millivolts (mV)
d) Ammeter, reading current (mA)
e) Saturated Calomel Electrode (SCE)
f) Working and auxiliary electrodes
The procedure for measuring the polarization current was as follows. Starting at 
10mm depth cover bar A was connected as the working electrode (WE), i.e. the 
electrode whose corrosion current rate is required, and bar B as the auxiliary electrode 
(AE). The rest potential of bar A was determined by equipment (a) and its initial 
current is recorded by ammeter (d). The potentiostat (b) adjusted to impose a potential 
of 20mV more negative on the assistant voltmeter equipment (c). The potential was 
imposed and the resulting current allowed to decay to a steady reading before being 
recorded on equipment (d). The decay period was taken to be about 20 seconds. 
Automatic IR compensation was produced by the potentiostat.
Once a current reading had been obtained the corrosion current Icorr could be 
calculated from the Stem and Geary equation. Once Icorr was calculated the 
interpretation of the I corr values are summarized the Table 5 .2 [5.8]
This can be simplified to:
A/
Icorr =
{paXfic]
23Icorr{Pa + Pc)
P^P^  X —  
2.3iPa + Pc) Rp
Where (3a x (3c was taken to be 0.026 mV
Icorr Interpretation
<2 . 1  mA/m“’
2.1 -  10.7 mA/m^ 
10 .7 -107  mA/m^ 
> 107mA/m^
No damage expected 
Damage possible in 10-15 years 
Damage possible in 2 -  10 years 
Damage possible in less than 2 years
Table 5.3 Icorr values interpretations
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It is assumed in this study that a reinforcing bar o f an Icorr reading above lOmA/m^ is 
considered to be in an intensive corrosion state and in need of urgent treatment.
5.3.4 Destructive Examination
At the termination of the wet / dry ponding exposure the specimens of each material 
were broken open. The purpose of this destructive examination was to assess the 
condition of the embedded steel bars.
The specimens were fractured using a small electrical vibrating breaker, the bars were 
retrieved and their condition recorded photographically. The bars were then labelled 
and stored in sealed polythene bags until required for further examination.
Chloride ion contents were obtained by collecting concrete samples from the 
specimens when they are broken. Samples were taken from the various concrete 
specimens at 25-40mm cover depth. Extracted dust samples were analysed for C f 
content using Quantab strips [5.9], the procedure is detailed in appendix B. Briefly, 
chlorides were separated from the sample using acid extraction, the solution was 
neutralised and filtered. A Quantab strip was placed in the solution until the indicator 
bar showed the test was completed. The concentration of the chloride in the solution 
was obtained by reading off the scale on the capillary on test strip. A sample 
calculation is given in Appendix C.
At the end of the destructive examination it is recommended that the results from both 
chloride ion content and visual inspection tests are to be compared with results 
obtained from the long-term monitoring of corrosion behaviour of the various 
concrete specimens used in this study. This comparison can therefore be used to 
obtain a more conclusive assessement on the effectiveness of corrosion inhibitors in 
delaying corrosion initiation and suppressing corrosion rates (see section 8.2 and 8.3).
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6.1 Introduction
RESULTS AND DISCUSSION OF THE 
FRESH AND HARDENED PROPERTIES
This chapter presents and discusses the results o f the fresh and physical properties of 
the various concrete mixes used in this study. The aim of these tests was to assess the 
impact of concrete quality with a range of water-cement ratios (0.26, 0.40 and 0.65) 
and with free water contents of 117, 180 and 292 kg/m’ respectively. These are 
referred to as M ixl, Mix2 and Mix3. Tests were carried out to determine the 
workability, density and strength of concrete o f these mixes. The influence of GGBS 
and PFA cement replacement on the concrete properties was also investigated. The 
influence of the admixed corrosion inhibitors Sika FerroGard-901 and DC! Grace on 
the fresh and hardened properties of concrete was also investigated.
6.2 Fresh Properties
The experimental results of the freshly mixed materials are presented and discussed in 
this section. The following tests were conducted in order to assess the workability of 
the fresh concrete mixes.
6.2.1 Slump Test Results
The initial trial mixes for mixes with 0.26 and 0.40 W/C ratio had slump values of 
less than 30mm and the mixes were found to be difficult to compact reliably. 
Therefore, it was necessary to use a superplasticiser (SIO) in order to attain the 
required sign slump of 90 ± 15 mm. The SIO dosage used in the various mixes is 
specified in Table 6 .1. The slump results shown in this section represent an average of
two measurements.
Mix W/C O OS OD G GS GD P PS PD
1 0.26 1.5% 0.5% 0.5% 1 % 0.75% 0.75% 0.75% 0.5% 05%
2 0.40 0.75% 0.3% 0.3% 05% 020% 0.2% 0.3% - -
3 0.65
Table 6.1 Dosage of SIO Superplasticiser used in the mix design
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Figure 6.1 shows the slump results for concrete mixes admixed without corrosion 
inhibitors. It can be clearly seen that the increase in free water content results in a 
considerable increase in the measured slump value. For example in the OPC only 
mixes (mix O) the slump values for free water contents of 117, 180 and 292 kg/m’ 
were 50 mm, 83 mm and 140 mm respectively.
Figure 6.1, also shows that the partial replacement o f the OPC with GGBS and PFA 
results into an increase in the slump values. These results have been expected as the 
relative densities of OPC, PFA and GGBS are approximately 3.1, 2.3 and 2.9. Thus a 
kilogram of PFA will occupy 36% more solid volume than a kilogram of OPC, whilst 
a kilogram of GGBS will occupy 8 % more solid volume [6.1]. Since the blends were 
designed on the basis of a weight for weight replacement then the volume of 
cementituous material (and hence cement paste) increases over that in the OPC 
control mix.
It is thought that the use of the PFA blend led to a higher increase in the slump than 
GGBS because of the greater volume of powder in the mix and the improved particle 
grading. Additionally the relative inertness o f the PFA at early age assists workability.
□ Mixl
□  M ix 3
Mix Type
Figure 6.1. Slump results for concrete mixes w ithout corrosion inhibitors
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Figure. 6.2. Relative increase in the Slump of concrete mixes admixed with 
corrosion inhibitors as to concrete mixes without corrosion inhibitors
It can be shown from Figure 6.2 that the addition of both Sika FerroGard-901 and 
DC I Grace corrosion inhibitors had little effect on the workability of the high quality 
mixes (Mix 1). Whereas, in the good and poor quality mixes (Mix 2 and Mix3) the 
effect of the inhibitors was to increase the slump by about 10%. The reason for this 
increase in slump could be related to the amount of water within the composition of 
the admixed inhibitors. It is also important to mention that in mixes containing 
corrosion inhibitors it was necessary to reduce the amount of SIO superplacticiser in 
order to compensate for the amount of water found in the inhibitors chemical 
components. Table 6.1. Therefore, it can be concluded that the addition of both 
corrosion inhibitors used in this study do not have a great influence on the slump 
values.
6.2.2 Vebe Time
This test is mainly conducted to assess mixes with low workability, therefore it was 
not advisable to carry out a Vebe time test on the 0.65 W/C ratio mixes due to their 
high workability. From Figure 6.3, it can be shown the Vebe time increased with the 
increase in free water content. It is also shown that the use of cement blends in 
concrete mixes leads to the increase in the Vebe time, and hence an decrease in 
workability.
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Figure 6.3. Vebe Time results for concrete mixes without corrosion inhibitors
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Figure 6.4. Relative decrease in the Vebe Time of concrete mixes admixed with 
corrosion inhibitors as to concrete mixes without corrosion inhibitors
In view of the results from Figure 6.4, the addition of the corrosion inhibitors has 
caused the Vebe time values to decrease considerably in comparison with the results 
from Figure 6.3. The general trend of the results indicate that the admixed inhibitor 
caused a higher decrease in the 0.26 W/C ratio mixes Mix 1 than in the 0.40 W/C 
mixes Mix 2. It was also found that the addition of the admixed inhibitors led to a 
relative decrease in the Vebe time in blended cement mixes compared to the OPC 
mixes.
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6.2.3 Compacting Factor
The Compacting Factor test was carried out in accordance to BS; 1181 Part 103, 
1993, in order to assess the workability of the concrete mixes (Mix 1, Mix 2 and Mix 
3). This test was also used in order to assess the influence of admixed corrosion 
inhibitors on the workability of the fresh concrete
According to Figure 6.5, it is shown that the quality of concrete mix influences its 
workability. Where the compacting factor values clearly decreased with the increase 
of the water-cement ratio. It is also shown that the use of GGBS and PFA have 
resulted into a general decrease in the compacting factor values, and therefore, 
produced an increase in the workability o f the fresh concrete mixes.
The addition of Sika and DC I corrosion inhibitors did not have a major effect on the 
compacting factor results. From Figure 6 .6 , which shows the relative increase in the 
measured compacting factor for the concrete mixes admixed with the corrosion 
inhibitors as to compared with the same mixes in the absence of the admixed 
inhibitors. It was found that the compacting factor decreased by 3 -  7% in the high 
quality mixes (Mix 1) and between 1-3% in the good quality mixes (Mix 2). This 
outcome suggest that the use of the corrosion inhibitors as an admixed material 
doesn’t have a major impact on the compacting factor results
0.75
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Figure 6.5. Compacting Factor results for mixes without corrosion inhibitor
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Figure 6.6. Relative decrease in the Compacting factor concrete mixes admixed 
with corrosion inhibitors as to mixes without corrosion inhibitors
6.2.4 Summary of Fresh Property Results
The results from the fresh property tests, indicated that all of the concrete mixes have 
characteristics that are consistent with their composition and free water content. It was 
also found that the quality and type of the concrete mix had a direct influence on the 
workability.
The partial replacement o f OPC with 30% GGBS and 25% PFA increased the 
workability o f concrete, probably because o f the greater volume o f powder in the mix 
and the improved particle grading. Replacement of OPC by GGBS lead to small 
change in the volume of cementituous material in the mix, which may be the reason 
behind the smaller change in workability when compared to the mix with PFA.
The use of the admixed Sika and DCl corrosion inhibitor produced a small increase in 
the workability which is thought to be the result o f the water content in the inhibitors
12
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6.3 Physical Property Results
The purpose of these tests is to evaluate the performance o f a range of concrete mixes 
and their ability to protect embedded steel against chloride induced corrosion. To 
allow comparison of physical properties with durability performance the following 
physical property tests were carried out on each of the mixes.
6.3.1 Density
The density was measured for each mix. Average results of three concrete cubes are 
presented in table 6 .2 .
M ixl (kg/m^)
Mix 2 (kg/m )
Mix 3 (kg/m^)
Age (Days) o OG OP
7 2382±5 243064 248766
28 238762 243568 249263
1 0 0 238967 243766 249464
400 239065 243864 249565
7 229264 233963 239365
28 229565 234162 234564
1 0 0 230068 234967 235269
400 230764 235262 235563
7 224669 225462 227865
28 224865 225764 228066
1 0 0 225166 225862 228264
400 225563 225962 228363
Table 6.2. Average density (kg/m^) of concrete mixes without corrosion inhibitors
1 1 3
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Figure 6.7. Average 28 days density results of concrete mixes without corrosion
inhibitors
Table 6.2 summarises the average density measurements for concrete mixes without 
the addition of corrosion inhibitors up to 400 days. The results show that water / 
cement ratio affects the density of hardened concrete. The results also show that the 
density o f concrete increase with age. From Figure 6.7 it is clearly shown that the 
gradual increase in water / cement ratio results into the decrease in the density, where, 
the 0.26 w/c ratio (Mix 1) showed the highest density values and when the W/C ratio 
is 0.65 (Mix 3) the lowest density values have been reported.
The use of GGBS and PFA blends (Mixes OG and OP) in the concrete mixes has led 
into an increase in the density when compared to the 100%OPC mixes. This is slightly 
unexpected as densities GGBS and PFA material are considered to be less than the 
OPC This increase in the density might have been caused by the fact that the relative 
densities of OPC, GGBS and PFA are approximately 3 .1, 3.2 and 2.9, thus, a kilogram 
of PFA will occupy 36% more solid volume than a kilogram of OPC, whilst a 
kilogram of GGBS will occupy 8 % more solid volume. This increase in the powder 
volume seemed to improve the workability of the fresh concrete and hence a better 
compaction was achieved providing a mix with less air voids and thus more dense 
material. This improve in the workability seems generally of benefit to the measured 
density.
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Mix Type 
Mix 1
OS OD OGS OGD OPS OPD
237862 238063 241564 242067 248068 248263
Mix 2 228965 229065 233964 233765 233869 234062
Mix 3 224066 224064 224966 224265 227061 227562
Table 6.3. Average 28 day density results (kg/m^l of concrete mixes admixed with 
corrosion inhibitors Sika-901 and DCl
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Figure 6.8. Relative increase in the density of concrete mixes when admixed with 
Sika-901 corrosion inhibitor
The addition of the corrosion inhibitors did not interfere w ith behaviour of the density 
development over time and with the increase of water / cement ratio as shown in 
Table 6.3. It was also illustrated that the use o f the admixed corrosion inhibitors in the 
GGBS and PFA blended cement concrete mixes did not have any undue effect on 
their density. Figure 6 . 8  shows the relative densities of the concrete mixes admixed 
with Sika-901 and DCl corrosion inhibitors as compared to the same mixes in the 
absence of the admixed inhibitors. It can be seen that the effect of the inhibitor is 
negligible and thus it can be concluded that the use o f admixed corrosion inhibitors 
was unlikely to influence the density of OPC and Blended cement concrete.
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6.3.2 Compressive Strength
The details of this test are determined in Section 5.2.2. The compressive strength of 
the concretes was tested using the 1 0 0 mm cubes and cured under 1 0 0 % relative 
humidity and temperature o f 20°C. Cubes were tested on 3, 7, 28, 100 and 365 days 
these results represent the average of 3 cubes.
Mix (1) (N/mm^) Mix (2) (N/mm') Mix (3) (N/mm^)
Age
(Days)
O OG OP O OG OP O OG OP
3 60±2 39.5±0 52±0 42±4 33±1 27±0 17±1 15±2 12±0
7 68±2 48±3 57±4 46±4 44.4±3 31±0 19±1 25±2 I6± l
28 77±3 65.4±1 68±2 57±3 58±2 65±2 29±2 32±2 26±0
100 90±2 86.3±1 93±3 66±2 67.7±1 69±1 35.8±0 40±1 34±1
365 91±1 97±2 105±1 68±0 69.8±1 74±3 37±0 48±0 51±3
Table 6.4. Average Compressive Strength development for concrete mixes 
without Corrosion Inhibitors
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Figure 6.9. Compressive strength development for high quality concrete (Mix 1)
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Figure 6.10. Compressive strength development for good concrete (Mix 2)
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Figure 6.11. Compressive strength development for poor concrete (Mix 3)
The compressive strength developments of all mixes are summarised in Table 6.4. 
Typically the results show that the quality of concrete affects the compressive 
strength. Where, from Figures 6.9, 6.10 and 6.11 which represent the three concrete
17
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qualities made of 0.26, 0.40 and 0.65 W/C respectively, it is clearly seen that at any 
age the compressive strength decreased with the increase o f water / cement ratio.
Figure 6.9, shows that in the high quality concrete m ix (Mix 1), the use o f 30% GGBS 
as a replacement cementious material (Mix OG) showed a lower early strength 
development than the 100% OPC mix, where, the 3 day strength was about 60% that 
of the 100%OPC concrete and 70% at 7 days. However, the gain in strength was 
achieved only after 365 days as the strength of the GGBS mix was approximately 5% 
higher than that of the 100%OPC mix. It is also important to mention that in poor 
quality concrete (Mix 3) the GGBS based concrete mix have shown an overall higher 
strength than that o f the 100%OPC mix
As the water / cement ratio increased there was a relative improvement in the early 
strength development o f the GGBS based mixes. It is shown in Figure 6.10 that the 
values o f 3 days and 7 days strength increased to about 80% and 90% that o f the 
100% OPC respectively. However, there was no considerable increase in strength 
over time as to when compared with the 100% OPC mix as the 28 days, 100 days and 
400 days strength values were about equal to that OPC based mix, (Figure 6.10). 
However, it was found that in the poor quality concrete (Mix 3) the GGBS concrete 
m ix have an overall higher strength than that o f the OPC mix. Figure 6.11.
Alternatively, the use o f 25% PFA as a replacement cementious material (Mix OP) 
proved to have a better early strength development than the 30%GGBS mix in the 
high quality concrete (M ixl), where the 3 days and 7 days strengths were about 87% 
and 84% that of the 100% OPC. A higher increase in the 400 days results was shown 
to be around 15% higher than that of the 100% OPC conti ol mix (Figure 6.9).
When the concrete quality is good (Mix 2). The PFA mix did not show an increase in 
strength at the early ages as the 3 days and 7 days strength was even lower than that of 
the GGBS mix. However, a considerable gain in strength was seen from 28 days and 
above this increase ranged around 1 0 -2 0 %.
Figure 6.11, illustrates that in poor quality concrete (Mix 3) the PFA mix have 
exhibited a lower strength development than the that of the 100% OPC mix and 
GGBS mix, whereas an increase in the strength was shown after 365.
118
Chapter 6: Results and Discussion of the Fresh and Hardened Properties
It is important to mention that the reduction in the early strength of the GGBS and 
PFA based concrete mixes may be related to the slower rate of hydration of these 
materials as compared to the 100% OPC concrete mixes.
Table 6.5, shows the average 28 days compressive strength results of concrete 
admixed with Sika-901 and DCl corrosion inhibitors. Comparing the strength results 
from concrete mixes admixed with corrosion inhibitors with the same concrete mixes 
in the absence of the inhibitor (Figure 6.12), it is found that the Sika-901 corrosion 
inhibitor did not have a major influence on the strength characteristics o f the 0.26, 
0.40 and 0.65 W/C ratio mixes (M ix l, Mix 2 and Mix 3). However, a small reduction 
in the strength values of between 5-10 % was measured. However the DCl corrosion 
inhibitors have shown a different behaviour than the Sika-901 inhibitor, where a 
general increase in the compressive strength of concrete mixes admixed with DCl was 
measured. Figure 6.12, shows that the DCl inhibitor resulted in an increase in the 
strength of the OPC, OPC/GGBS and OPC/PFA concrete mixes at 0.26, 0.40 and 0.65 
W/C ratio. This increase ranged from between 10-15%. This increase in strength may 
be the result of the calcium nitrite found in the chemical composition of the DCl 
inhibitor as, low concentrations of admixed calcium nitrite are known to be set 
accelerators and thus increase the compressive strength of hardened concrete [6 .2 ] at 
early age.
Mix
Type
OS OD OGS OGD OPS OPD
Mix (1) 75±2 85±2 62.7±3 74.9±2 66.5±3 76.16±1
Mix (2) 54±2 62.7±4 56±2 63.8±1 61±2 74±2
Mix (3) 28±1 3l±3 30.5±3 35.5±2 25.7±2 28.6±4
Table 6.5. Average 28 days compressive strength results (N/mm ) for concrete 
mixes admixed with corrosion inhibitors
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Figure 6.12. Relative 28 days compressive strength of concrete admixed with 
corrosion inhibitors as compared to the same mixes in the absence of the 
admixed Sika-901 and DCl corrosion inhibitors
6.3.3 Initial Surface Absorption (ISAT)
The results used in this section represent the initial surface absorption measurements 
from the various reinforced concrete specimens aged at 400 days. It was important to 
carry out the ISAT test in order to assess the influence of concrete quality on the 
absorption characteristics of the outer layer of the concrete specimen. It is this layer 
which is responsible for the protection against the ingress of chlorides and thus 
provide a better resistance against corrosion of the reinforcement.
From Figure 6.13, it is clear that the quality of the concrete atYects its surface 
absorption. As the water / cement ratio increased in the OPC and blended cement 
concrete mixes, the ISAT value increased. This presumably reflects the greater 
volume, and continuity of capillary pores, in concrete mixes with high water cement 
ratio. It is also shown that the use of GGBS and PFA blends (mixes OG and OP) 
resulted in a relative decrease in the ISAT values.
The effect o f GGBS and PFA blends is illustrated in the poor quality specimens (mix 
3), where at 10 minutes the OPC specimen showed an ISAT value o f 0.9 mL/m^ 
whereas, when using 30% GGBS and 25% PFA replacement blends the ISAT values
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were reduced to 0.78 and 0.69 mL/m^ respectively. This indicated that the use of 
composite cements in reinforced concrete results in a decrease in the initial surface 
absorption and thus must improve its ability in resisting chloride induced-corrosion. 
Therefore, the results from long-tenn monitoring o f the corrosion behaviour will be of 
an interest in order to verify this outcome.
The addition of the corrosion inhibitors as an admixed material to the various concrete 
mixes did not have a great effect on the ISAT measurements. According to the data, 
all the concrete specimens from high, good and poor quality concrete have shown 
similar ISAT results trend to those concrete specimens in the absence of the 
inhibitors. However, the admixed corrosion inhibitors resulted in a very small increase 
in the ISAT values when compared with the specimens that have not been admixed 
with corrosion inhibitors, Figure 6.14. This slight increase in the ISAT values may be 
the result of the excess water found within the chemical composition of the inhibitors. 
Figure 6.14, shows the relative increase o f the ISAT results in the various quality 
concrete specimens when admixed with Sika-901 corrosion inhibitor in comparison to 
the ISAT values from the same mix but in the absence of the inhibitor, it is clearly 
demonstrated the addition of the inhibitor results to an increase in the ISAT values 
between 0.5-10%.
In summary, when comparing the ISAT results obtained in this study with Table 5.2 
in Section 5.2.3 it can be shown that, ISAT results from the high, good and poor 
quality concrete specimens which are defined as Mix 1, Mix2 and Mix 3, have shown 
surface absorptions o f low, average and high rates respectively. However the use of 
cement blends have resulted into a general decrease in the ISAT results when 
compared with the OPC based concrete specimens.
It was also shown from the results that addition of the corrosion inhibitors does not 
have a great influence on the surface absorption characteristics of the various concrete 
specimens used in this study
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Figure 6.13. 400 Days ISAT results (mL/m /s) from high, good and poor concrete 
specimens without corrosion inhibitors
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Figure 6.14. Relative increase in the ISAT results of specimens admixed with 
Sika-901 inhibitor as a percentage of results from specimens with no inhibitor
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6.3.4 Summary of Physical Property Results
In summary, the results obtained from the physical property tests showed that the type 
and quality of the concrete influenced its behaviour under the physical property tests 
conducted.
It was found that as the increase in the water / cement ratio resulted into a general 
decrease in density, and ISAT values o f the concrete occurred accompanied by a 
decrease in the compressive strength at early age.
The compressive strength results indicated that all o f the concrete mixes used in this 
study have shown the expected general trends of strength developments. As the 
compressive strength decreased with increasing water / cement ratio, there was 
generally development o f strength over time when using GGBS and PFA cement 
replacement blends when compared to the OPC control.
It was also found that the use of the GGBS and PFA cement replacement blends 
resulted in an increase in the density and a relative decrease in ISAT values.
The use of the admixed Sika-901 and DCl corrosion inhibitors did not have any 
significant effect on the physical properties of the various concrete mixes used in this 
stud. However, additions o f the DCl corrosion inhibitor resulted in a relative increase 
in the compressive strength of the concrete due to the nitrites found in the chemical 
composition of the DCl inliibitor, which are Icnown to be a set-accelerator.
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CHAPTER 7 RESULTS AND DISCUSSION OF THE
CORROSION MONITORING BEHAVIOUR
7.1 Introduction
This chapter presents and discusses the results from the various corrosion monitoring 
tests conducted throughout this study. In order to asses the behaviour of the various 
concrete specimens under their deferent ponding regimes, half-cell potential and 
corrosion current measurements were recorded over 80 cycles where each cycle 
represents two weeks. The purpose of these tests was to investigate the effectiveness 
o f both admixed, and surface applied corrosion inhibitors in reducing, and retarding 
chloride ion-induced corrosion o f reinforcement.
In order to cover the various concrete qualities found in practice, specimens 
manufactured from three concrete mixes of high, good and poor quality were included 
in the study. Specimens made of 30% GGBS and 25 % PFA replacement cement 
blends were also tested.
In order to get a clear view, and examine all of the results in depth, an approach of 
dividing the results section into three parts have been adopted in the following way:
• OPC based material
• GGBS based material
• PFA based material
Two ponding regimes have been adopted during the testing period as follows:
1. Three OPC ‘control’ specimens made of 0.26, 0.4 and 0.65 W/C, were ponded 
in saturated calcium hydroxide solution throughout the study
2. All of the other specimens made of the three cement types described above 
with the 0.26, 0.40 and 0.65 water cement ratios were ponded in 5% N ad 
solution using a one week diy / one week wet cycle.
Concrete specimens admixed with both Sika-901 and DCl corrosion inhibitors were 
ponded with sodium chloride solution for around 80 cycles (160 weeks) and their 
behaviour was monitored throughout the duration o f the study. An assessment of their 
effectiveness in delaying time to corrosion initiation and suppressing corrosion rates 
has therefore been included.
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Specimens without corrosion inhibitors were ponded with sodium chloride solution 
continuously for until corrosion has been initiated in the bars at all depths. After a 
further 4-8 cycles the surface applied Sika-903 migratory corrosion inhibitor was then 
applied The results obtained from the measurements of half-cell potential and 
corrosion current were then used to monitor any subsequent change in corrosion 
behaviour.
According to the literature, it is evident that sometimes the use of half-cell potential 
measurements on their own do not provide an accurate reflection on the corrosion 
behaviour of the embedded steel bars, therefore, current measurements were also 
taken and these results are shown in parallel with the half-cell potentials.
The general trend of the expected behaviour and the interpretation of the results from 
the various mixes that have been treated with the Sika-903 migratory corrosion 
inhibitor are shown in Figures 7.1 and 7.2.
Half-Cell Potential VS Time
100
5%CaiTosion Risk
-100
-200
50%  Risk
-350
-550 ' ■ ■ 1 0 m m
  2 5 m m
— — — 4 0 m m  Start of application of inhibitor95 %Ci)rrosion Risk
-800
Figure 7.1 Schematic diagram showing the expected general trend of the 
Half-Cell Potential behaviour of concrete specimen subiected to the 
surface application of Sika-903 migratory corrosion inhibitor
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Corrosion Current VS Time
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Figure 7.2 Schematic diagram showing the expected general trend of the 
current behaviour of concrete specimen subiected to the surface 
application of Sika 903 corrosion inhibitor
Figures 7.1 and 7.2, represent a schematic of the general trend in Ecorr and Icorr 
expected for a concrete specimen subjected to chloride ion-induced corrosion for a 
given testing period. The figures also show the expected behaviour of equivalent 
specimens when Sika-903 corrosion inhibitor is surface applied after all the bars have 
been allowed to develop fully active corrosion.
In both figures, the blue, red and black curves represent the expected behaviour of the 
average o f three bars at the 10mm, 25mm and 40mm cover depths in the concrete 
specimens. The coloured zones indicate the degree of damage of the steel bars at the 
various given depths in terms of corrosion risk.
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Figure 7.3 Schematic diagram showing the expected general trend of the 
Half-Cell Potential behaviour of concrete specimen admixed w ith and
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Figure 7.4 Schematic diagram showing the expected general trend of the 
current behaviour of the concrete specimen admixed with and without
corrosion inhibitors
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Figures 7.3 and 7.4 represent the expected general trend in Ecorr and Icorr for a 
concrete specimen subjected to chloride ion-induced corrosion for a given testing 
period. The curves show an indication o f the expected behaviour of a steel bar 
embedded in a concrete specimen with, and without, admixed corrosion inhibitors.
The main purpose of the figures above is to show that for it to be considered effective 
the inhibitor should increase the time to corrosion initiation from T1 to T2 and 
preferably reduce the corrosion rate once the corrosion process has been initiated.
7.2 Control Specimens
In order to asses the behaviour of reinforced concrete in a chloride free environment 
three control specimens have been manufactured from high, good and poor quality 
OPC concrete and used as control specimens. One specimen from each concrete 
quality have been used, moreover, the specimens were stored under continues calcium 
hydroxide solution ponding over the period o f 4 years.
The presentation of the results will be in the form of an average of the three steel bars 
at every depth in order to provide a clearer general view on the influence of the 
concrete cover depths at 10mm, 25mm and 40mm.
It must be noted that the corrosion current measurements in all of the specimens used 
had started around 1 2  months after the time when specimens were first test for half- 
cell potentials due to difficulties in setting up the required equipments.
It is also important to mention that all half-cell potential measurements obtained by 
the calomel reference electrode were adjusted to the equivalent cupper-cupper 
sulphate reference electrode potential values by adding -75 mV.
Figure 7.5, illustrates the long-term monitoring of the corrosion behaviour at the 
10mm cover bars from the high quality control specimen. From Figure 7.5, it can be 
seen that the use of the average result o f three bars from every depth can be used to 
illustrate the behaviour o f the steel bars at every cover depth.
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Figure 7.5 High Quality Control Specimen. 10mm cover (W/C=Q.26)
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7.2.1 Results of the Control Specimens
Three control specimens have been used in this study and their results are shown in 
figures 7.6, 7.7 and 7.8 as follow:
Figure 7.6 High Quality Control Specimen 100% OPC (W/C=Q.26)
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Figure 7.7 Good Quality Control Specimen 100% OPC (W/C=0.40)
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Figure 7.8 Poor Quality Control Specimen 100% OPC (W/C^O.65)
Rest Potential VS Time
^  -200
0  -400 
^500
10mm-«—25nnm 40rm
Time (Cycles)
Corrosion Current VS Time
1 0 0
10mm 40mm
E
<
E
0u
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81
Time (Cycles)
132
Chapter 7: Results and Discussion of the Corrosion Monitoring Behaviour
7.2.2 Discussion of Results from the Control Specimens
Figure 7.6 shows the values of Ecorr and Icorr versus time for the control specimen 
made from high quality OPC concrete and exposed to a saturated calcium hydroxide 
solution ponding. The three bars at the three different depths continued to be passive 
throughout the duration of the study. The general trend of the results was to range 
within the safe zone, illustrated in Section 7.1. This behaviour was expected as the 
very low water cement / ratio, coupled with the fact that the control specimens were 
not subjected to any chloride solution, provided a good passive environment for the 
reinforcing bars
Figure 7.7 shows the values of Ecorr and Icorr versus time for the control specimen 
made from good quality OPC concrete and exposed to a saturated calcium hydroxide 
solution. This control specimen was subjected to the same conditions as Figure 7.6 
and its behaviour was very similar as the three bars at 10mm, 25mm and 40mm have 
shown a stable passive behaviour over the long-term. However, some variation in the 
measured Ecorr and Icorr values, was observed between 25-35 cycles of which the 
readings settled back to their passivation values. The precise cause of this period of 
variation is unknown. However, the general trend of the results that this control 
specimen showed a passive behaviour and thus good resistance to corrosion initiation.
Figure 7.8, shows that the bars embedded in the poor quality concrete shows a greater 
variation in the Ecorr and Icorr over the duration of the test. Although all bars showed 
a reasonable passive behaviour for the first 2 0  cycles it subsequently showed a trend 
to more negative values o f Ecorr which subsequently stabilized at between 150-200 
mV. Unlike Figures 7.6 and 7.7 the bars did not return to their initial rest potential and 
current again.
However, the general view of the behaviour of this control specimen over the long 
period showed a reasonable resistance against corrosion initiation but lower than that 
of the high and good quality control specimens.
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7.2.3 Summary of the results from the control specimens
In view of the results obtained from the long-term monitoring of the control 
specimens it can be seen that all three specimens did not show any definite signs of 
corrosion at any of the cover depths examined. This behaviour was expected, as these 
specimens have not been subjected to the ingress of chloride ions at any time. 
However, it is clear from the comparison of the results obtained from the high, good 
and poor quality concrete specimens that the lower the water / cement ratio of the 
concrete mix, the more stable is the passivation process.
Table 7.1, shows the overall average rest potential and corrosion current values of the 
three cover depths used over the period of 80 cycles (160 weeks). The table illustrates 
the importance of the quality of the concrete as well as the cover depth of the 
reinforcement on the passivation of embedded steel bars.
High Quality Good Quality Poor Quality
Cover Ecorr Icorr Ecorr Icorr Ecorr Icorr
Depth (mV) (mA/m^) (mV) (mA/m^) (mV) (mA/m^)
10mm -44 1.55 -98 1.72 -120 2.0
25mm -31 1.18 -71 1.25 -100 1.65
40mm -24 0.97 -49 1.10 -72 1.28
Table 7.1 Overall average rest potential and corrosion current values for the
control specimens
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7.3 Results and Discussions of the OPC Based Concrete
This section presents and discusses the corrosion behaviour results o f the concrete 
specimens made from 100% OPC and subjected to one week dry / one week wet 
ponding by 5% sodium chloride solution. The purpose of this ponding regime was to 
accelerate corrosion initiation and thus enable the inhibition properties of the various 
corrosion inhibitors used in this study to be examined. The quality of the concrete in 
relation to the resistance to chloride-induced corrosion is also considered. Two 
methods o f corrosion inhibitor application were studied. The first was by admixing 
the corrosion inhibitor with the concrete mix and two of commercially available 
inhibitors are used here, Sika Ferrogard-901 and DCI Grace. The second was by 
surface application of the corrosion inhibitor after the initiation o f corrosion. The 
commercial product used in those tests was Sika Ferrogard-903.
7.3.1 Results of the Specimens without CoiTosion Inhibitors
In order to obtain an accurate assessment on the effectiveness o f the corrosion 
inhibitors equivalent specimens of each concrete quality were manufactured and 
subjected to the equivalent curing and ponding conditions as the specimens treated 
with corrosion inhibitors. However, these specimens continued to be ponded with 
sodium chloride solution and no corrosion inhibitors were used for the duration of the 
study. The results for these specimens are shown in Figures 7.9, 7.10 and 7.11, and 
are useful in two ways as follows:
i) To examine the long-term effectiveness of the admixed corrosion 
inhibitors. It is essential to compare the time to corrosion initiation of the 
concrete specimens without corrosion inhibitors with the time of corrosion 
initiation from the equivalent specimens admixed with Sika-901 and DCI 
corrosion inhibitors.
ii) To assess the effectiveness of the surface applied corrosion inhibitor by 
using these specimens as “controls” to be compared with the specimens 
subjected to the surface application o f the Sika-903 corrosion inhibitor. 
Such comparisons ensure that any rise in the potentials and drop in 
currents observed is caused by the effect of the inhibitor and not by any 
other phenomenon.
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Figure 7.9 Average half-cell potentials and corrosion currents for steel bars 
at 10. 25, and 40mm embedded in ( 10) concrete specimen without 
inhibitor
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Figure 7.10 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (20) concrete specimen without 
inhibitor
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Figure 7.11 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25, and 40mm embedded in (30) concrete specimen without 
inhibitor
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7.3.2 Results of Concrete Specimens Admixed with Corrosion Inhibitors
This section presents the results from the corrosion monitoring of concrete specimens 
admixed with Sika 901 and DCI corrosion inhibitors
7.3.2.1 Results of the Sika-901 admixed Corrosion inhibitor
The results of these specimens are presented in Figures 7.12, 7.13 and 7.14.
Figure 7.12 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in (IPS) concrete specimen
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Figure 7.13 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in (20S) concrete specimen
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Figure 7.14 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25, and 40mm embedded in (3OS') concrete specimen
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7.3.2.2 Results of the DCI Admixed Corrosion Inhibitor
The results of these specimens are presented in Figures 7.15, 7.16 and 7.17
Figure 7.15 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in ( IQD) concrete specimen
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Figure 7.16 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (20D) concrete specimen
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Figure 7.17 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in (30D) concrete specimen
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7.3.3 Results of the Migratory Corrosion Inhibitor
The results from the long-term corrosion monitoring of the concrete specimens 
subjected to treatment with the Sika-903 surface applied corrosion inhibitor after 
corrosion had been initiated. The results are shown in Figures 7.18, 7.19 and 7.20
Figure 7.18 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in ( 10) concrete specimen treated with Sika-903 
surface applied corrosion inhibitor after corrosion had been initiated
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Figure 7.19 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in (20) concrete specimen treated with Sika-903 
surface applied corrosion inhibitor after corrosion had been initiated
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Figure 7.20 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in (30) concrete specimen treated with Sika-903 
surface applied corrosion inhibitor after corrosion had been initiated
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7.3.4 Discussion of results from specimens admixed with corrosion 
inhibitors
This section discusses the results of the concrete specimens admixed with Sika-901 
and DCI corrosion inhibitors. The results of these specimens are compared with the 
results of the concrete specimens with no inhibitors. The way to achieve this 
comparison was by measuring the time to corrosion initiation of the reinforcement 
bars in each of the specimens.
The time to corrosion, Ti, for each of the specimens tested is shown in Table 7.2. Ti is 
taken as the time from the first ponding with chloride solution to the time when the 
current rises above lOmA/m" which is defined as a light red colour zone in Figures 
7.3 and 7.4. Time to corrosion initiation is measured in cycles where every cycle 
represents 2  weeks.
A v e r a g e  t im e  to  C o r r o s io n  I n i t i a t i o n  T i (C y c le s )  -  T e s t in g  d u r a t i o n  8 0  c y c le s
S p e c im e
n
T y p e
H ig h  Q u a l i t y G o o d  Q u a l i ty P o o r  Q u a l i ty
1 0 m m 2 5 m m 4 0 m m 1 0 m m 2 5 m m 4 0 m m 1 0 m m 2 5 m m 4 0 m m
N o  A C I 33 3 6 3 9 3 0 32 33 19 22 25
S ik a 9 0 I 77 - - 65 73 - 61 73 73
D C I 4 5 50 54 3 7 42 4 5  32 32 32
Table 7.2 Time to Corrosion Initiation of the OPC Concrete in Cycles
ACI Represents Admixed corrosion Inhibitors 
A dash indicates no corrosion activities was monitored 
One cycle = Two weeks
7.3.4.1 Discussion of specimens without corrosion inhibitor
From the specimens that did not contain any corrosion inhibitors, the results indicate 
that the higher the concrete quality the better its inherent protection against chloride 
ingress. Although, all of the specimens have shown signs of corrosion after a period 
of time but the time to corrosion initiation changes from one type of concrete 
specimen to another.
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For example, in the high quality concrete specimens, (10, IQS and lOD), all bars at 
the three depths remained passive for over thirty cycles until the Ecorr values dropped 
from -150 mV to around -400mV. At the same time the current values rose by an 
order o f magnitude from around 1 to lOmA/m^ resulting in reinforcement corrosion 
after 33 cycles at the 10mm bars, 36 cycles at the 25mm bars and 39 cycles at the 
40mm bars. The good quality concrete specimens exhibited a lower resistance to 
chloride-induced corrosion than the high quality concrete where the time to corrosion 
initiation in all bars at the three depths was less than that of the high quality concrete.
It can be seen from Table 7.2 that the poor quality concrete specimens, (30 , 30S and 
30D ), exhibit a shorter corrosion initiation time, Ti, than the good and high quality 
concrete specimens. This confinns that the time to corrosion initiation, Ti, decreases 
with the increasing water /  cement ratio,
The importance of concrete quality is highlighted in Figure 7.21. This presents the 
average results for 1 0 mm steel bars and indicates that the poor quality concrete shows 
the shortest time to corrosion initiation. Although the high quality concrete has a 
longer time to corrosion initiation than that of the good concrete, there was no major 
difference in the general trend o f the long-term corrosion resistance where the Ecorr 
and Icorr values after corrosion has initiated were similar. For example at the 60^  ^
cycle the Ecorr and Icorr o f the high concrete were -475 mV and 9.5 mA/m^ 
respectively and Ecorr and Icorr o f the good concrete were -500 mV and lOmA/m^ 
respectively.
In summary, the lower the water / cement ratio o f the concrete mix, the higher its 
quality, and thus the better its resistance against chloride-ion induced corrosion. This 
is an agreement with previous findings by Berke [7.1, 7.2] who explained that the 
addition of an inhibitor to concrete is not the only thing engineers must do to produce 
durable reinforced concrete. ACI 201 [7.3] states that low water / cement ratios, and 
good cover, should be employed when chloride exposure are moderate to severe. 
Therefore the need for higher concrete quality and increase the cover depth is an 
important issue, as time for corrosion onset is generally proportional to the cover 
depth [7.4].
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Figure 7.21 Influence of concrete quality on the average half-cell 
potential and corrosion currents for the 10mm bar in OPC concrete 
without corrosion inhibitors
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7.3.4.2 Discussion of specimens admixed with Sika 901 Corrosion Inhibitor.
The results show that the presence of the Sika-901 corrosion inhibitor greatly affected 
the corrosion behaviour o f the steel bar at all three depths in all concrete qualities.
From Figures 7.12, 7.13 and 7.14, it can be seen that the admixed Sika-901 corrosion 
inhibitor resulted into a significant increase in the time to corrosion initiation. From 
Table 7.2 it can be seen that the Sika-901 corrosion inhibitor delays the onset of 
corrosion by increasing the time o f corrosion initiation (Ti) in all qualities and at all 
depths. For example the time to onset of corrosion at 10mm cover depth in the high 
quality concrete increased from 33 cycles to over 77 cycles and in the poor quality 
concrete at 10mm cover depth the time to corrosion initiation increased from 19 to 61 
cycles.
The influence of Sika-901 on the corrosion behaviour of the steel bars embedded in 
the poor quality concrete can be seen in Figures 7.11 and 7.14. It is clear that the 
inhibitor increases the time to corrosion initiation at all cover depths. Table 7.2. In 
addition to delaying the onset o f corrosion the admixed Sika-901 reduces the 
subsequent rate o f corrosion. Thus the presence of the inhibitor has both increased the 
time to initiation o f corrosion, and reduced the subsequent corrosion rates for the 
duration of the experiments.
Figures 7.9 and 7.10 show the behaviour o f steel bars embedded in high and good 
quality concrete and by comparison with Figures 7.12 and 7.13 demonstrate the role 
of concrete quality. For the 10mm bar in the high quality concrete the time to 
corrosion initiation increased from 33 cycles to over 77 cycles and in the good quality 
concrete it increased from 30 cycles to 65 cycles. However, at 40mm the presence of 
the Sika-901 inhibitor prevented corrosion in both the high and good quality concrete, 
Table 7.2. This reflects the influence of the lower free water / cement ratio which has 
been found to slow the penetration o f the chloride ions through the cover concrete.
Thus in summary, the combination o f high quality concrete with the Sika-901 
admixed corrosion inhibitor provides the best overall protection to the embedded steel 
with none o f the bars at 25mm and 40mm cover depth showing any signs o f corrosion 
after 80 cycles (160 weeks). The measured corrosion current remained below 10 
mA/m^, which suggests that no cracking o f the concrete would occur before 1 0 - 1 5  
years.
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7.3.4.3 Discussion of specimens admixed with DCI Corrosion Inhibitor
The results of the concrete specimens admixed with DCI corrosion inhibitor are 
shown in Figures 7.15, 7.16 and 7.17. Table 7.2 shows the time to corrosion initiation 
in each of the specimens admixed with DCI. It can be seen that the addition of the 
admixed DCI corrosion inhibitor significantly influences the corrosion behaviour of 
the steel bars embedded in concrete.
It is clear that the inhibitor increases the time to corrosion initiation at all cover 
depths. For example in the poor quality concrete specimen the time to corrosion onset 
at 10mm cover depth increased from 19 cycles to 33 cycles. However, the admixed 
DCI did not have such a significant effect in delaying the onset o f corrosion when 
compared with the results from the Sika-901 admixed inhibitor. For example at 40mm 
cover depth in poor quality concrete the Sika-901 increased the time to corrosion 
initiation from 25 cycles to 73 cycles instead of 32 cycles in the case of admixing with 
the DCI inhibitor. Moreover, it can be shown from the results in Table 7.2 that the use 
of high quality concrete without the addition of the DCI proves to have a higher 
resistance to chloride induced corrosion than the poor quality concrete specimens 
admixed with the DCI at all cover depths.
Figure 7.22 shows the half-cell potential and corrosion current results at 40mm cover 
depth of specimens made from high quality concrete that did not have any corrosion 
inhibitors and equivalent concrete specimens admixed with both Sika-901 and DCI 
corrosion inhibitor. The curves clearly demonstrate how the addition o f Sika 901 
inhibitor has a better influence on the resistance of chloride-induced corrosion than 
the DCI admixed inhibitor.
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Figure 121  Average half-cell potential and corrosion current of bars at 
40mm cover depth in high quality QPC concrete containing no inhibitor. 
admixed with Sika-901 and admixed with DCI
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7.3.5 Discussion of the Migratory CoiTosion Inhibitor Results
This section discusses the results o f the concrete specimens that have been subjected 
to the surface application with the Sika-903 migratory corrosion inhibitor once 
corrosion has been initiated in all the steel bars at all depths. The results of these 
specimens are presented in Figures 7.18, 7.19 and 7.20. The main aim of this test was 
to artificially accelerate corrosion in the reinforcement bars at all cover depth by 
ponding the specimens with 5% sodium chloride solution for one week dry and one 
week wet cycles.
Once corrosion was initiated and the subsequent corrosion rates were stable, the Sika- 
903 inhibitor was applied. The application o f the corrosion inhibitor took place on the 
53^  ^cycle in all of the specimens and the reason for this was that all specimens made 
from high, good and poor concrete have exhibited stable corrosion rates at all cover 
depths. This occurred where no sudden rises and drops in the half-cell potential and 
corrosion current values continue to occur.
After treatment with the Sika-903 corrosion inhibitor the specimens continued to be 
ponded with the same regime. In order to obtain an accurate assessment on the 
effectiveness of the Sika-903 inliibitor the behaviour of the equivalent concrete 
specimens that have not been treated with corrosion inhibitors by admixing or by 
surface application were also monitored their results are discussed and shown in 
Figures 7.9, 7.10 and 7.11.
It can be seen that the penetrating inhibitor was successful in suppressing corrosion 
rates in all concrete qualities throughout the cover depths studied. When comparing 
the effect o f the inhibitor on the three concrete qualities used in this study. Figures 
7.18, 7.19 and 7.20, it is clear that in the poor quality concrete the Sika-903 have 
resulted in a higher reduction in corrosion rates than the high and good concrete 
presumably due to the high permeability o f the poor concrete.
For example at the end of the corrosion monitoring behaviour, in the poor quality 
concrete specimen the 10mm bars showed currents below 0.4 mA/m^, whereas, in the 
good and high concretes the 10mm currents were around 0.8 and 1.7 mA/m^ 
respectively.
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This delayed action is related to the inhibitors ability to penetrate through high quality 
low permeability, cover concrete and raises the question: Is there a level of concrete 
quality above which penetrating inhibitors cannot reach bars at deep cover depths? 
More positively the results in Figure 7.18 suggest that if such inhibitors are able to 
reach the bars in high quality concrete they are likely to remain there over significant 
periods due to the low permeability o f the cover.
Not surprisingly, the smaller the cover depth the more effective the inhibitor was. For 
example in Figure 7.18 the Sika-903 produced a significant reduction in corrosion 
currents in the 1 0 mm deep bars within 1 cycle of application, while the corrosion 
currents for the bars at 25mm and 40mm fell much more slowly.
Figure 7.23 demonstrates the effectiveness of the penetrating inhibitor in suppressing 
corrosion rates at the 1 0 mm cover bars in poor quality concrete as to when compared 
with equivalent specimen in the absence of the corrosion inhibitor. The figure shows 
the Ecorr and Icorr plots from the time o f the treatment with the Sika-903 inhibitor to 
the end o f the study
In summary, the results demonstrate that the addition of the migratory corrosion 
inhibitor Sika-903 to specimens which had steel bars corroding at significant rates 
produced a marked decrease in corrosion rates. The rates eventually going down to 
that typical of passive bars in the same concrete. It was also shown that in poor quality 
concrete the inhibitor resulted in a faster decrease in corrosion rates than in high and 
good quality concretes.
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Figure 7.23 Average half-cell potentials and corrosion currents for steel 
bars at 10mm cover embedded in poor quality QPC concrete with, and 
without, the application of Sika-903 corrosion inhibitor
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7.4 Results and Discussions of the GGBS Based Concrete
This section presents and discusses the results from the monitoring o f the corrosion 
behaviour o f concrete specimens made from 30% GGBS and 70% OPC and subjected 
to one week dry / one week wet ponding by 5% NaCl solution. The purpose of this 
ponding regime was to accelerate corrosion initiation and thus enable the inhibition 
properties o f the various corrosion inhibitors to be examined. The influence o f the 
quality of the concrete in association with resistance to chloride-ion induced corrosion 
is also reviewed. The same experimental testing procedure was followed as in the 
OPC based concrete, section 7.3, where both Sika Ferrogard-901 and DCI Grace 
admixed corrosion inhibitor were used. All GGBS concrete specimens have also been 
subjected to treatment by the Sika-903 penetrating inhibitor once corrosion had 
initiated in all the bars at each cover depth.
7.4.1 Results of the Specimens without Coirosion Inhibitor
Following the logic laid in section 7.3.1 the results for these specimens are shown in 
figures 7.24, 7.25 and 7.26.
157
_________ Chapter 7: Results and Discussion of the Corrosion Monitoring Behaviour
Figure 7.24 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in ( lOG) concrete specimen without 
corrosion inhibitor
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Figure 7.25 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25. and 40mm embedded in (20G) concrete specimen without 
corrosion inhibitor
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Figure 7.26 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25, and 40mm embedded in (30G) concrete specimen without 
corrosion inhibitor
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7.4.2 Results of Concrete Specimens Admixed with Corrosion Inhibitors 
This section presents the results from the corrosion monitoring of concrete specimens 
admixed with Sika-901 and DCI corrosion inhibitors
7.4.2.1 Results of the Sika 901 admixed corrosion inhibitor
The results of these specimens are presented in Figures 7.27, 7.28 and 7.29.
Figure 7.27 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in ( lOGS) concrete specimen
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Figure 7.28 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (20 gS) concrete specimen
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Figure 7.29 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (30GS) concrete specimen
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T.4.2.2 Results of the DCI Admixed Corrosion Inhibitor
The results of these specimens are presented in Figures 7.30, 7.31 and 7.32
Figure 7.30 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in ( lOGD) concrete specimen
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Figure 7.31 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (20GD) concrete specimen
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Figure 7.32 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in (30GD) concrete specimen
Rest Potential VS Time
200
-100
-200
-300
u -400
-500
-600
25mmDmm 40mm-700
-800
Time (Cycles)
Corrosion Current VS Time
100
N 10
E
0U 1
0.1
•10mm-»—25irm 40mr
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81
Time (Cycles)
66
_________ Chapter 7; Results and Discussion of the Corrosion Monitoring Behaviour
7.4.3 Results of the Migratory Corrosion Inhibitor
The results from the long-term corrosion monitoring of the concrete specimens 
subjected to treatment with the Sika-903 surface applied corrosion inhibitor after 
corrosion had been initiated. The results are shown in Figures 7.33, 7.34 and 7.35.
Figure 7.33 Average half-cell potentials and corrosion currents for steel bars 
at 10. 25 and 40mm in ( lOG) concrete specimen treated with Sika-903 surface 
applied corrosion inhibitor after corrosion had been initiated
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Figure 7.34 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in (20G) concrete specimen treated with Sika- 
903 surface applied corrosion inhibitor after corrosion had been initiated
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Figure 7.35 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in (30G) concrete specimen treated with Sika- 
903 surface applied corrosion inhibitor after corrosion had been initiated
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7.4.4 Discussion of results from concrete specimens admixed with 
corrosion inhibitors
This section discusses the results of obtained from the corrosion behaviour monitoring 
of the GGBS based concrete specimens admixed with Sika-901 and DCI corrosion 
inhibitors. The results of these specimens are compared with the results of the 
concrete specimens, which had not been admixed with any inhibitors. The time to 
corrosion initiation Ti of specimens admixed with, and without, corrosion inhibitors 
are shown in Table 7.3
A v e r a g e  t im e  to  C o r r o s io n  I n i t i a t i o n  T i  (C y c le s )  -  T e s t in g  d u r a t i o n  8 0  c y c le s
Specimen
Type
H ig h  Q u a l i ty G o o d  Q u a l i ty P o o r  Q u a l i ty
1 0 m m 2 S m m 4 0 m m 1 0 m m 2 5 m m 4 0 m m 1 0 m m 2 5 m m 4 0 m m
No ACI 4 0 4 4 4 6 3 1 3 5 3 7 2 9 3 2 3 4
S ik a  901 - - - 63 7 3 7 7 53 58 60
DCI 4 5 57 5 7 41 45 4 9 3 8 51 52
Table 7.3 Time to Corrosion Initiation of the GGBS Based Concrete in Cycles
ACI Represents Admixed corrosion Inhibitors 
A dash indicates no corrosion activities was monitored 
One cycle =  Two weeks
7.4.4.1 Discussion of specimens without corrosion inhibitor
It was important to examine the behaviour o f GGBS as a cement replacement blend 
under the ingress o f the chloride solution in the absence of the inhibitor. The results 
from the long-term monitoring o f these specimens are shown in Figures 7.24, 7.25 
and 7.26. It is clear that the quality of the concrete and cover depth had a major 
influence on resistance against chloride-ion induced corrosion, i.e. the better the 
concrete quality the better its resistance against corrosion.
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The results obtained from both OPC concrete specimens and GGBS concrete 
specimens that did not have any corrosion inhibitors, suggest that the GGBS concrete 
provided a better overall resistance against chloride-ion induced corrosion. Figure 
7.36, shows that the 10mm bars in the poor quality GGBS concrete exhibit generally 
longer corrosion initiation times than the 10mm bars in the poor quality OPC 
concrete.
Figure 7.36 Influence of cement blends on the average half-cell potential 
and corrosion currents for the 10mm bars in poor quality OPC and GGBS 
concretes without corrosion inhibitors
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For example, in poor quality concrete in the absence of the inhibitor the time to 
corrosion initiation at 10mm bar depth was around 19 cycles. However as the quality 
o f concrete increased the time to 30 cycles in the good quality concrete and 33 cycles 
in the high quality concrete (Table 7.3). Additionally as the cover depth of the bars 
increased the onset of corrosion was delayed. This clearly confirms the need for 
adequate cover depths in aggressive environments to help prevent the initiation of 
corrosion. However once corrosion has initiated the bars at all depths in the GGBS 
control concrete surely showed sim ilar corrosion rates.
7.4.4.2 Discussion of specimens admixed with Sika 901 Corrosion Inhibitor
The results show that the presence of the Sika-901 was sufficient to prevent corrosion 
initiation at all cover depths for the duration of the study (Figure 7.27). However, 
there insufficient data to determine the length of time the inhibitor can combat the 
further attack o f increased chloride concentration from the ponding solution. In the 
case o f the good and poor quality concrete the inhibitor was also effective in 
significantly delaying the time to corrosion initiation. For example, in the absence of 
the inhibitor in poor concrete at 10mm cover depth the corrosion initiated after 29 
cycles. When admixed with Sika-901 corrosion inhibitor the onset of corrosion was 
delayed to 53 cycles (Table 7.3).
From the half-cell potential and corrosion current graphs o f the good and poor 
concrete admixed with Sika-901, it can be seen that the inhibitor had the ability to 
delay the onset of corrosion in all cover depths, however, once corrosion has initiated 
the subsequent rate o f corrosion was similar in all concrete qualities.
It is o f note that the rate of corrosion in poor quality concrete containing Sika-901 
admixed corrosion inhibitor was lower than that in the high and good quality concrete 
without corrosion inhibitor.
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7.4.4.3 Discussion of specimens admixed with DCI Corrosion Inhibitor
The behaviour of the DCI corrosion inhibitor as an admixed material in the GGBS 
concrete specimens was similar to that in the OPC concrete specimens. The results 
from the long-temi monitoring o f the GGBS concrete specimens admixed with DCI 
are shown in Figures 7.30, 7.31 and 7.32.
It is clear from the results that the addition of DCI delayed the initiation o f corrosion 
at all cover depths (Table 7.3). However the effect of the DCI in delaying the onset of 
corrosion was generally less than that of the Sika-901 inhibitor. For example in high 
quality concrete the DCI had almost no effect on the corrosion behaviour of bars at 
the 10mm cover whereas the Sika 901 corrosion inhibitor prevented initiation of 
corrosion throughout the duration o f the study.
It would also appear from the results o f concrete specimens admixed without, and 
with, DCI corrosion inhibitor that the use o f a high quality concrete proves to have a 
similar resistance against chloride-ion induced corrosion to the poor concrete 
specimens admixed with DCI. In high quality concrete it is shown from Table 7.3 that 
at 10mm cover depth the DCI inhibitor had a negligible effect in delaying the onset of 
corrosion. This result raises the question o f the need for the DCI corrosion inhibitor in 
high quality GGBS concretes Figure 7.37.
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Figure 7.37 Average half-cell potential and corrosion current of bars at 
10mm cover depth in high quality GGBS concrete containing no 
inhibitor, admixed with Sika-901 and admixed with DCI
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7.4.5 Discussion of the Migratory Corrosion Inhibitor Results
The behaviour of the GGBS concrete specimens, subjected to the surface application 
of Sika-903 demonstrate that the penetrating inhibitor was successful in suppressing 
corrosion rates in all concrete qualities and at all cover depths. When comparing the 
effect of the inhibitor on the three concrete qualities used in this study, Figures 7.33, 
7.34 and 7.35, it can be seen that in the poor quality concrete the Sika-903 resulted in 
a higher reduction in corrosion rate than in both the high and good quality concrete.
For example at the end o f the monitoring programme, the bars at the 10mm cover in 
poor quality concrete showed currents below 0.6 mA/m^, while in the good and high 
quality concrete the equivalent bars had currents around 2 and 1.7 mA/m^ 
respectively.
According to the corrosion current monitoring of the high quality concrete specimen 
the effect of the penetrating inhibitor was m inor especially at the 40mm cover depth. 
This behaviour was expected due to the low permeability, o f the GGBS concrete 
(ISAT data in section 6.3.3), which prevented the penetration of the inhibitor.
Higher reductions in corrosion rate were observed as the quality o f the concrete mix 
decreased suggesting that the inhibitor was able to penetrate more easily into the poor 
quality concrete. The trends shown by the graphs in Figure 7.35 indicate that the Sika- 
903 inliibitor was more successful in passivating the corrosion throughout the depth of 
the poor quality concrete specimen.
When comparing the results of the Sika-903 in the GGBS concrete with those in the 
OPC concrete, it was found that the penetrating inhibitor was more effective in the 
OPC concrete in all qualities at all cover depths. For example in poor quality concrete 
the Sika-903 shifted the potentials of the 40mm deep bars from around -700mV 
before the application of the inhibitor to around -150m V in the OPC specimen Figure 
7.21, whereas in the GGBS concrete specimen the potentials were shifted from -620 
mV to a maximum of -280mV. Figure 7.38 shows the general trends of the behaviour 
o f the Sika-903 corrosion inhibitor at 40mm cover in poor quality concrete made from 
100%OPC and 30%GGBS + 70%OPC.
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Figure 7.38 Average half-cell potentials and corrosion currents for steel 
bars at 40mm cover in (30 and 300") with surface applied Sika-903 
corrosion inhibitor
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7.5 Results and Discussions of the PFA Based Concrete
This section presents and discusses the results from the monitoring o f the corrosion 
behaviour of concrete specimens made from 25% PFA and 75% OPC and subjected to 
one week dry / one week wet ponding by 5% NaCl solution. The purpose o f this 
ponding regime was to accelerate corrosion initiation and thus enable the inhibition 
properties o f the various corrosion inhibitors to be examined. The influence of the 
quality of the concrete in association with resistance to chloride-ion induced corrosion 
is also reviewed. The same experimental testing procedure was followed as in the 
OPC and GGBS based concretes (Sections 7.3 and 7.4), where both Sika FerroGard- 
901 and DCI Grace admixed corrosion inhibitor were used. All PFA concrete 
specimens have also been subjected to treatment by the Sika-903 penetrating inhibitor 
once corrosion had initiated in all the bars at each cover depth.
7.5.1 Results of the Specimens without Corrosion Inhibitor
Following the logic laid in 7.3.1, the results for these specimens are shown in figures 
7.39,7.40 and 7.41.
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Figure 7.39 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in ( IQP) concrete specimen without 
corrosion inhibitor
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Figure 7.40 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25, and 40mm embedded in (20P) concrete specimen without 
corrosion inhibitor
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Figure 7.41 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25. and 40mm embedded in (30P) concrete specimen without 
corrosion inhibitor
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7.5.2 Results of Concrete Specimens Admixed with Corrosion Inhibitors 
This section presents the results from the corrosion monitoring of concrete specimens 
admixed with Sika-901 and DCI corrosion inhibitors
7.5.2.1 Results o f the Sika 901 admixed Corrosion inhibitor
The results of these specimens are presented in Figures 7.42, 7.43 and 7.44.
Figure 7.42 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25. and 40mm embedded in ( I OPS) concrete specimen
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Figure 7.43 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25. and 40mm embedded in (20PS) concrete specimen
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Figure 7.44 Average half-cell potentials and corrosion cuirents for steel 
bars at 10. 25. and 40mm embedded in (30PS) concrete specimen
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7.5.2.2 Results of the DCI Admixed Corrosion inhibitor
The results of these specimens are presented in figures 7.45, 7.46 and 7.47
Figure 7.45 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in ( lOPD) concrete specimen
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Figure 7.46 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25, and 40mm embedded in (20PD) concrete specimen
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Figure 7.47 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25. and 40mm embedded in (30PD) concrete specimen
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7.5.3 Results of the Migratory Corrosion Inhibitor
The results from the long-term corrosion monitoring of the concrete specimens 
subjected to treatment with the Sika-903 surface applied corrosion inhibitor after 
corrosion had been initiated. The results are shown in Figures 7.48, 7.49 and 7.50.
Figure 7.48 Average half-cell potentials and corrosion currents for steel 
bars at 10. 25 and 40mm in ( lOP) concrete specimen treated with Sika- 
903 surface applied corrosion inhibitor after corrosion had been initiated
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Figure 7.49 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25 and 40mm in (20P) concrete specimen treated with Sika- 
903 surface applied corrosion inhibitor after corrosion had been initiated
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Figure 7.50 Average half-cell potentials and corrosion currents for steel 
bars at 10, 25 and 40mm in (3OP) concrete specimen treated with Sika- 
903 surface applied corrosion inhibitor after corrosion had been initiated
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7.5.4 Discussion of Results from the Specimens Admixed With 
Corrosion Inhibitors
This section discusses the results of the PFA based concrete specimens admixed with 
Sika-901 and DCI corrosion inhibitors. The results of these specimens are compared 
with the results o f the concrete specimens which had not been admixed with any 
inhibitors. This was achieved by comparing the time to corrosion initiation of the 
reinforcement bars in each of the specimens.
The time to corrosion, Ti, for each of the specimens tested is shown in Table 7.4. 
Time to corrosion initiation TI is taken as the time from the first ponding with 
chloride solution to the time when the half-cell potential of any o f the bars at any 
depth of cover falls bellow -350 mV and the corrosion current rises above lOmA/m^ 
which is defined as a light red colour zone in Figures 7.3 and 7.4. Ti is measured in 
cycles where every cycle represents 2  weeks.
A v e r a g e  t im e  to  C o r r o s io n  I n i t i a t i o n  T i  (C y c le s )  -  T e s t in g  d u r a t i o n  8 0  c y c le s
Specimen H ig h  Q u a l i t y G o o d  Q u a l i ty P o o r  Q u a l i t y
Type lO m m 2 5 m m 4 0 m m 1 0 m m 2 5 m m 4 0 m m lO m m 2 5 m m 4 0 m m
No AC! 50 5 8 61 3 7 41 50 3 5 41 4 7
S ika901 - - - 6 9 80 - 61 66 73
DCI 52 60 65 4 9 61 66 42 50 53
Table 7.4. Time to Corrosion Initiation of the PFA Concrete Specimens in Cycles. 
ACl Represents Admixed corrosion Inhibitors. A dash indicates no corrosion 
activities was monitored. One cycle = Two weeks
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7.5.4.1 Discussion of specimens without corrosion inhibitor
From the specimens that did not contain any corrosion inhibitors, Figures 7.39, 7.40 
and 7.41, the results indicate that the higher the concrete quality the better its inherent 
protection against the ingress o f chloride ions. The importance o f the concrete cover 
depth is also illustrated where, in all concrete qualities, the 1 0 mm bars started to show 
signs o f corrosion earlier than the 25mm and 40mm bars (Table 7.4) respectively.
For example, in the high quality concrete all bars at the three depths remained passive 
for over fifty cycles until the potential dropped to more negative values and the 
corrosion current values rose by an order of magnitude from around 1 to lOmA/m^ 
resulting in reinforcement corrosion after 50 cycles at the 10mm bars, 58 cycles at the 
25mm bars and 61 cycles at the 40mm bars. This again illustrated the importance of 
the depth of the concrete cover. However, the good quality concrete specimens 
showed a lower resistance to chloride-induced corrosion than the high quality 
concrete where the time to corrosion initiation in all bars at the three depths was less 
than that of the high quality concrete. It was also found. Table 7.4, that the poor 
quality specimens have shown a lower Ti than the other two concrete qualities.
Figure 7.51 again highlights the importance o f concrete quality, the figure presents the 
average results of 1 0 mm steel bars from the high, good and poor quality concrete. 
This clearly indicates that the poor quality concrete has least corrosion resistance in 
long-term corrosion monitoring
In summary of the discussion, it is clear from the comparison of results obtained from 
the high, good and poor concrete specimens that the lower the water /  cement ratio of 
the concrete mix, the higher its quality, and thus the better its resistance against 
chloride induced corrosion.
When comparing the results obtained from the OPC “control” concrete specimens 
with PFA concrete specimens which are not admixed with any corrosion inhibitors, it 
was found that the PFA concrete provides a better overall resistance against chloride 
induced corrosion than the OPC concrete. Figure 7.52, illustrates how the 10mm bars 
in the poor quality PFA concrete exhibited a longer time to corrosion initiation than 
equivalent bars in the poor quality OPC concrete.
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Figure 7.51 Influence of concrete quality on the average half-cell 
potential and corrosion currents for the 10mm bar in PFA concrete 
without corrosion inhibitors
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Figure 7.52 Influence of cement blends on the average half-cell potential 
and corrosion currents for the 10mm bars in poor quality OPC and PFA 
concretes without corrosion inhibitors
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7.S.4.2 Discussion of specimens admixed with Sika 901 Corrosion Inhibitor.
The results show that the presence o f the inhibitor protected the corrosion the steel 
bars at all cover depths, and in all concrete qualities, against the ingress of the sodium 
chloride solution.
From Figures 7.42, 7.43 and 7.44, it can be seen that the addition of Sika-901 
corrosion inhibitor as an admixed material results into a significant delay in the time 
to corrosion initiation.
Figure 7.44 shows the behaviour of steel bars in poor quality concrete and by 
comparison with Figure 7.41 it is clearly seen that the Sika-901 results into a 
significant delay in the onset of corrosion. For example at 10mm depth in the absence 
o f the inhibitor, corrosion occurred after 35 cycles, whereas the presence o f the 
inhibitor increased the time to corrosion initiation to around 61 cycles. A sudden drop 
in the corrosion potential was observed just prior to 61 cycles which is not reflected in 
the current measurements.
In good quality concrete Figure 7.43, it is also shown that the inhibitor has a major 
effect in delaying the onset o f corrosion. Table 7.4 illustrates how the Sika-901 
significantly affected the behaviour o f the steel bars at 10mm, 25mm and especially at 
40mm where no signs of corrosion were detected throughout the duration of this 
study.
Unsurprisingly the combination of high quality concrete and admixed Sika-901, 
Figure 7.44, provided the best overall protection to the embedded steel with none of 
the bars showing any signs of corrosion after 81 cycles. The measured corrosion 
current of all bars remained below lOmA/m^ and the rest potentials remained be low -  
350mV. This confirms that that the inhibitor is more effective as quality o f the 
concrete improves. Future long-term monitoring o f steel bars embedded in high 
quality concrete, both with, and without, admixed Sika-901 could confirm this 
finding.
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7.S.4.3 Discussion of specimens admixed with DCI Corrosion Inhibitor.
The results of the concrete specimens admixed with The DCI corrosion inhibitor, are 
shown in Figures 7.45, 7.46 and 7.47. Table 7.4 shows the time to corrosion initiation 
in each of the specimens admixed with DCI. It can be seen that the addition of the 
admixed DCI corrosion inhibitor influenced the corrosion behaviour of the steel bars.
The inhibitor increased the time to initiation of corrosion at all cover depths. For 
example in poor quality concrete specimen the time to the onset of corrosion at 1 0 mm 
cover depth increased from around 35 cycles to over 42 cycles. However, the general 
trends of the results show that the DCI did not have such a significant effect in 
delaying the onset of corrosion when compared with the results for the Sika-901 
inhibitor. For example at 40mm cover depth in poor quality concrete the Sika-901 
increased the time to corrosion initiation from 47 cycles to 73 cycles instead of 32 
cycles in the case of admixing with the DCI inhibitor. Moreover, it can be shown from 
the results in Table 7.4 that the use o f high quality concrete without the addition o f the 
DCI has a higher resistance to chloride induced corrosion than poor quality concrete 
specimens admixed with the DCI in all cover depths.
Figure 7.53 shows the half-cell potential and corrosion current results at 40mm cover 
depth of specimens made from high quality “control” concrete, that did not have any 
corrosion inhibitors and concrete made from both Sika-901 and DCI. The curves 
clearly demonstrate that the addition o f Sika-901 inhibitor has a better influence on 
the resistance of chloride-induced corrosion than the DCI admixed inhibitor.
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Figure 7.53 Average half-cell potential and corrosion current of bars at 
40mm cover depth in high qualih PFA concrete containing no inhibitor. 
admixed with Sika-901 and admixed with DCI
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7.5.5 Discussion of the Migratory Corrosion Inhibitor Results
This section discusses the results of the PFA based concrete specimens that have been 
subjected to the surface application of the Sika-903 corrosion inhibitor once corrosion 
had been initiated at the steel bars throughout the cover depths. The results o f these 
specimens are presented in figures 7.45, 7.46 and 7.47.
According to the results obtained it can be seen that the penetrating inhibitor was 
relatively successful in suppressing corrosion rates in both the good and poor quality 
concrete at all cover depths. However, in the high quality concrete there was no 
significant change in the potential, or current values, 25 cycles after the application of 
the inhibitor. Just prior to applying the inhibitor to the surface of the specimen the 
bars in the high quality concrete showed corrosion currents between 5-10 mA/m^ and 
at the end o f the study currents were between 4-9 mA/m^ indicating that the inhibitor 
was not able to penetrate throughout the cover depths suggesting that the low 
permeability of the PFA based concrete have prevented the Sika-903 corrosion 
inhibitor from being absorbed by the ponding surface of the high quality specimen.
Figures 7.41 and 7.50, show that the penetrating inhibitor was able to suppress the 
corrosion rates throughout the depth of the poor quality specimen. Not surprisingly, 
the smaller the cover depth the more effective the inhibitor was. For example in 
Figure 7.50 the Sika-903 inhibitor produced a significant reduction in corrosion 
currents in the 10mm deep bars within 5 cycles o f application, while the corrosion 
currents for the bars at 25mm and 40mm fell more slowly. However, in the good 
concrete specimens, Figure 49, the inliibitor took over 10 cycles to produce any effect 
on the 1 0 mm bars.
Figure 7.54, demonstiates the effectiveness of the penetrating inhibitor in suppressing 
corrosion rates at the 1 0 mm bars in poor quality concrete when compared with the 
same type o f specimen in the absence of the corrosion inhibitor. The figure shows the 
curves for the 1 0 mm bars from the time o f the treatment with inhibitor to the end of 
the study.
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In summary of the discussion, it was demonstrated that the addition of the migratory 
corrosion inhibitor Sika-903 to the PFA based concrete specimens, which had steel 
bars corroding at significant rates, produced a decrease in corrosion rates in tlie good 
and poor concrete. It was also found that in poor quality concrete the inhibitor resulted 
in a faster decrease in corrosion rates than the good quality concretes. The low 
permeability of the high quality concrete prevented the Sika-903 from penetrating 
throughout the cover depths in sufficient concentrations required to form a stable film 
on the surface o f the steel bars and thus reduce tlie corrosion rates.
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Figure 7.54 Average half-cell potentials and corrosion currents for steel 
bars at 10mm cover embedded in poor quality PFA concrete with, and 
without, the application of Sika-903 corrosion inhibitor
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7.6 Summary Discussion of the Results
This section summarises the results obtained from the long-term monitoring concrete 
specimens made from 100%OPC, 30%GGBS+70%OPC and 25%PFA+75%OPC 
under the ingress o f sodium chloride solution. A comparison between the three 
concretes in resisting chloride induced corrosion when admixed with, and without, 
corrosion inhibitors is also highlighted in this section. In order to provide an ideal 
assessment, all concrete specimens made from the various cement blend and concrete 
qualities, were subject to the same ponding regime and their corrosion behaviour with, 
or without, conosion inhibitor monitored.
7.6.1 The Importance of Concrete Quality
From all of the concrete specimens made from OPC, GGBS and PFA blends without 
corrosion inhibitors, it was found that the higher the quality of the concrete (i.e. 
increasing W/C) the better its protection against chloride induced corrosion. Times to 
corrosion initiation shown in Tables 7.2, 7.3 and 7.4 clearly indicate that the use of 
high quality concrete, and deep cover depth result in a greater resistance against the 
ingress of chlorides. It is of note that in most cases the use o f high quality concrete 
provides better protection against corrosion than using a poor quality concrete 
admixed with corrosion inhibitors, the results also show that regardless o f the 
presence of inhibitors the combination of high quality concrete, and deep cover depth, 
provides the best overall protection against the ingress of CF and thus better corrosion 
resistance.
Table 7.5 shows an approximate time to corrosion initiation of concrete specimens 
made from OPC, GGBS and PFA cement blends which did not have any corrosion 
inhibitors. It is clear that the PFA concrete showed the highest time to corrosion 
initiation in all qualities and the cover depths. It is also shown that the GGBS concrete 
performed better than the OPC concrete in delaying the onset of corrosion.
The explanation of this behaviour m ight be that the use of 25% PFA in the concrete 
mix results into an increase in the total volume of the concrete mix due to the low 
relative density o f the PFA resulting in a dense, less permeable, concrete than the 
OPC.
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Although, partial replacement of OPC by GGBS resulted in a higher resistance to 
chloride penetration than the OPC concrete, it was lower than that of the PFA. This is 
thought to be because partial replacement of OPC by 30% GGBS is at the bottom end 
o f the replacement limit which is ty pically around 70%.
This outcome agrees with the results obtained from the work carried out by Harrison 
and Spooner , which state that ‘well cured samples made with composite cements 
have higher resistance to chloride diffusion than have Ordinary Portland Cements of 
the same water/cement ratio’ [7.5].
Figure 7.55 shows the potential and current at 10mm cover bars o f poor quality 
concrete specimens made for OPC, OPC/GGBS and OPC/PFA, the curves clearly 
demonstrate that the use o f PFA composite cement results into a higher resistance to 
chloride penetration and thus higher delay into the onset of corrosion.
C o n c r e t
e
A v e r a g e  t im e  to  C o r r o s io n  I n i t i a t i o n  T i  (C y c le s )  -  T e s t in g  d u r a t i o n  8 0  c y c le s  
H ig h  Q u a l i t y  G o o d  Q u a l i t y  P o o r  Q u a l i ty
1 0 m m  2 5 m  
m
4 0 m
m
1 0 m
m
2 5 m
m
4 0 m
m
10m
m
2 5 m
m
4 0 m
m
O P C 1
3 6 39 3 0 32 33 19 22 25
G G B S 1
4 4 46 31 3 5 37 29 32 3 4
P F A 50 58 61 3 7 41 50 3 5 41 47
Table 7.5 Time to corrosion initiation of concrete specimens made from OPC. 
GGBS and PFA blends without corrosion inhibitors. The figures shown in the 
table represent approximate values. A dash indicates no corrosion activities was 
monitored. One cvcle = Two weeks
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Figure 7.55 Influence of cement blends on the average half-cell potentials 
and corrosion currents for the IQmm bars in poor quality OPC, GGBS 
and PFA concretes without corrosion inhibitors
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7.6.2 The Effectiveness of the Admixed Corrosion Inhibitors
The results show that the use of Sika Ferrogard 901 and DCl Grace corrosion 
inhibitors as an admixed material to concrete mixes made from OPC, OPC/GGBS and 
OPC/PFA cements retarded corrosion in the bars at all cover depths It was also found 
that the effect of the inhibitor increased with the increase of concrete quality and 
cover depth. However, the Sika-901 inhibitor was seen to have a higher effect in 
delaying corrosion initiation than the DC I within the conditions used in this study. 
Both inhibitors did not seem to interfere with the chemical properties of the composite 
cements where the addition of the admixed inhibitors to the GGBS and PFA concretes 
resulted in a higher resistance to chloride induced corrosion when compared with 
equivalent OPC concrete specimens. It is also important to note that the use of Sika- 
901-corrosion inhibitor combined with high quality concrete prevented the initiation 
of corrosion at the 25mm and 40mm cover bars in the OPC concrete and in all bars in 
the GGBS and PFA based concrete specimens throughout the duration of the study 
(Table 7.6). Figure 7.56 compares on the effect o f Sika-901 in delaying corrosion 
initiation at 10mm cover bars between concrete specimens made with OPC, 
OPC/GGBS and OPC/PFA. It is clear that the partial replacement of the Ordinary 
Portland Cement by 25% replacement with PFA provides the best overall protection 
against chloride-induced corrosion.
T im e  to  C o r r o s io n  I n i t i a t i o n  T i  ( C y c le s )  -  T e s t in g  d u r a t i o n  8 0  c y c le s
O P C /G G B SS p e c im e
n
T y p e
O P C
2 5 m m 4 0 m m1 0 m m
N o  A C I 33 36 1
S ik a 9 0 1 77 - -
D C I 4 5 50 5 4
O P C /P F A
4 0
4 5
4 4
57
4 6
5 7
50
52
58
60
61
6 5
Table 7.6. Time to Corrosion Initiation at lOmm cover bars of high quality concrete 
specimens made from OPC. OPC/GGBS and OPC/PFA cement blends’ AC! Represents 
Admixed corrosion Inhibitors. A dash indicates no corrosion activities was monitored.
One cycle = Two weeks
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Figure 7.56 Average half-cell potentials and coirosion currents for 10mm 
steel bars embedded in poor quality (O, OS, OGS and OPS) concretes
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7.6.3 The Effectiveness of the Migratory Corrosion Inhibitor
Long-term monitoring of the concrete specimens subjected to the application of the 
penetrating Sika-903, suggest that the inhibitor was able to suppress the corrosion 
rates. However, it was evident that the inhibitor was generally more efficient in the 
poor quality specimens causing a significant reduction in the corrosion currents after 
only few cycles. The inhibitor reduced the corrosion rate of the 10mm cover bars 
faster than in the 25mm and 40mm deep bars presumably reflecting the rate of 
penetration of the surface applied inhibitor through the high quality cover concrete. 
The best effect o f the Sika-903 penetrating inhibitor was seen in the OPC based 
concrete specimens when compared with the GGBS and PFA concrete specimens. It 
was also found that lower the concrete quality and cover depth the higher, and faster, 
the suppression of corrosion rates occurred. This behaviour was due to the high 
permeability of the low quality specimens which allowed the inhibitor to penetrate at 
faster rates. The Sika-903 corrosion inhibitor did not have any effects in the high 
quality OPC/PFA specimens where it was shown from Figure 7.48 that no change in 
the behaviour of the steel bars throughout the cover depths was seen, however, the 
inhibitor was relatively successful to penetrate through the good and poor quality 
specimens of the same mix. Table 7.7, and Figure 7.57, illustrate the influence of the 
Sika-903 migratory corrosion inhibitor on the poor quality concrete specimens at 
1 0 mm cover bars.
S p e c im e n
P o te n t ia l  m e a s u r e m e n t  
(m V )
B e f o r e  E n d  o f
A p p l i c a t io n  T e s t in g
C u r r e n t  M e a s u r e m e n t
(mA/mb 
B e f o r e  E n d  o f
A p p l i c a t io n  T e s t in g
T im e  to  
P e n e t r a t i o n  
A f t e r
O P C -7 0 0 -1 0 0 31 0 ,5 2 C y c le s
G G B S -6 5 0 -1 9 0 25 0 .8 4 C y c le s
P F A -5 8 5 -2 8 0 17 6 8 C y c le s
Table 7.7. Time to penetration. Half-cell Potential and Corrosion Current values 
before and after the application of the Sika-903 corrosion inhibitor in poor 
quality specimens at 10mm cover bars
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Figure 7.57 Average half-cell potentials and corrosion currents for steel 
bars at IQmm cover embedded in poor quality (O, OG and OP) concretes 
treated with Sika-903 surface applied corrosion inhibitor
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CHAPTER 8 RESULTS AND DISCUSSION OF THE
DESTRUCTIVE EXAMINATION 
8.1 Introduction
At the termination of the wet / dry ponding exposure the specimens of each material 
were broken open. The purpose o f this destructive examination was to assess the 
condition of the embedded steel bars.
The specimens were fractured using a small electrical breaker, the bars were retrieved 
and their condition recorded photographically. The bars were labelled and stored in 
sealed polythene bags until required for further examination, Chloride ion contents 
were obtained by collecting concrete samples from the specimens when they are 
broken.
8.2 Visual Inspection
Following the breaking open o f the specimens, in order to assess the corrosion 
condition o f the reinforcement bars, close-up photographs of the steel bars from the 
10mm, 25mm and 40mm cover had been taken. The photographs are then compared 
with the half-cell potential and corrosion current results detailed in Chapter 7.
The photographs from the control specimens Figures 8.1 and 8.2, which were ponded 
with water from the curing tank, show that the steel bars were ‘’clean”  and had not 
corroded after 3-4 years o f exposure to saturated calcium hydroxide solution. This 
reflected a condition expected from the measured half-cell potential and corrosion 
current values. Small regions of corrosion were found at the interface between the 
exposed area and the protected end o f the bar in a number of cases.
The effect of the admixed corrosion inhibitors in the various concrete mixes 
throughout the cover depths is illustrated in Figures 8.3 to 8.8. The photographs 
clearly show that the bars from specimens that did not have corrosion inhibitors were 
indeed corroding as expected from the half-cell potential and corrosion current 
measurements. However, most bars from equivalent specimens that have been 
subjected to similar exposure and have been admixed with Sika-901 corrosion 
inhibitor did not exhibit signs of corrosion.
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Figure 8.9 demonstrates the effect o f the Sika-903 migratory corrosion inhibitor after 
corrosion has been initiated at the bars throughout the cover depths. Figure 8.9(a) 
shows the condition o f a steel bar embedded in poor quality specimen made from 
100% OPC concrete and subjected wet/dry ponding with 5% sodium chloride 
solution. The photograph clearly shows that the bar exhibited corrosion throughout its 
length. Figure 8.9(b) shows the surface condition of a rusted bar that had been treated 
with Sika-903 surface applied corrosion inhibitor. According to the half-cell potential 
and corrosion current measurements from the two equivalent bars, Figures 8.9(a) and 
8.9(b), a major change in the corrosion rates was recorded after the inhibitor was 
applied. Figure 8.9(b) indicates that the Sika-903 corrosion inhibitor was physically 
able to penetrate the concrete cover and suppress the corrosion rates at the steel bars. 
This was associated with the formation o f a shiny black film around the steel bar.
In summary of the visual examination it can be concluded that the photographs shown 
were found to be in agreement with the results obtained from the long-term 
monitoring of the corrosion behaviour of the various concrete specimens used in this
study
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Figure 8.1(a). IQmm Cover bar in poor quality control specimen ponded in 
water (scale: bar diameter = 6mm)
Exposed Testing Area
Poor Quality OPC Concrete Specimen (10mm Cover Bar)
Figure 8.1(b) 40mm Cover bar in poor quality control specimen ponded 
in water (scale: bar diameter = 6mm)
^posed testing Area
Poor OPC Control Specimen (40mm Cover bar)
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Figure 8.2(a). IQmm Cover bars in high quality control specimen ponded 
in water (scale: bar diameter = 6mm)
Exposed Testing Area
High Quality OPC Control Specimen (10mm Cover Bar)
Figure 8.2(b). 40mm Cover bars in high quality control specimen ponded 
in water (scale: bar diameter = 6mm)
Exposed Testing Area
High Quality OPC Control Specimen (40mm Cover Bar)
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Figure 8.3(a). Photographs from poor quality OPC concrete specimen 
without corrosion inhibitors ponded in 5%NaCl solution
or OPC Specimen without Corrosion Inhibitqr
10mm Cover Bar
25mm Cover Bar
40mm Cover Bar
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Figure 8.3(b). IQmm Cover bar in poor quality OPC concrete specimen 
with Sika-901 admixed inhibitor ponded in 5% NaCl solution
^aPnor wUlkAdmixed ^ika.901 Inhibitor
'  ?  -
lOmm- Cover Bar
Figure 8.3(c). 40mm Cover bar in poor quality OPC concrete specimen 
with Sika-901 admixed inhibitor ponded in 5% NaCl solution
Poor OPC Specimen Admixed with Sika-901 Inhibitor
40mm Cover Bar
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Figure 8.4(a). 10mm Cover bars in OPC/GGBS specimens made of high 
quality concrete with and without admixed Sika-901 corrosion inhibitor
ponded in 5%Nacl solution
1 Om m C o v e r  B ar  (W ith o u t  C o r r o s io n  In h jb ito r )
10m m  C o v e r  b a r  (W ith S ik a -9 0 1  C o rrôsîtfVi'Üfcbin ito r )
_JC - ->
H igh Q u a lity  O P C /G G B S  C o n c r e te
Figure 8.4(b). 40mm Cover bars in OPC/GGBS specimens made of Poor 
quality concrete with and without admixed Sika-901 inhibitor ponded in
5% Nacl solution
40mm Cover Bar (Without Corrosion Inhibitor)
a  . “>■5’
40mm Cover Bar (with Sika -901 Corrosion Inhibitor)
Poor Quality OPC/GGBS Concrete Specimen
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Figure 8.5(a). IQmm Cover bar in OPC/PFA specimens made of high 
Quality concrete without corrosion inhibitor ponded in 5%Nacl solution
lOmm Cover Bar without corrosion inhibitor
Figure 8.5(b). IQmm Cover bar in OPC/PFA specimens made of high 
quality concrete with Sika-901 admixed inhibitor ponded in 5% Nacl
10mm Cover Bar Admixed witb Sika-901 Corrosion Inhibitor
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Figure 8.6(a). 40mm Cover bar in OPC/PFA specimens made of high 
quality concrete without corrosion inhibitor ponded in 5%Nacl solution
40mm Cover Bar without Corrosion inhibitor
Figure 8.6(b). 40mm Cover bar in OPC/PFA specimens made of high 
quality concrete with Sika-901 admixed inhibitor ponded in 5% Nacl
40mm CoVer Bdp (ÂdmbSed with Sika-901 Corrosion Inhibitor)
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Figure 8.7(aV 40mm Cover bar in OPC/PFA specimens made of poor 
quality concrete without corrosion inhibitor ponded in 5%Nacl solution
10mm Cover Bar (Without Corrosion Inhibitors)
Figure 8.7(b). 10mm Cover bar in OPC/PFA specimens made of poor 
quality concrete with Sika-901 admixed inhibitor ponded in 5% Nacl
10mm Cover Bar (Without Corrosion Inhibitors)
Exposed Testing Area
Coated Bar End
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Figure 8.8(a). 40mm Cover bar in OPC/PFA specimens made of poor 
quality concrete without corrosion inhibitors ponded in 5% Nacl solution
40mm Cover Bar (Without Corrosion Inhibito^)^
Figure 8.8(b). 40mm Cover bar in OPC/PFA specimens made of poor 
quality concrete with Sika-901 admixed inhibitors ponded in 5% Nacl
40mm Cover Bar^Without Corrosion Inhibitor)
C  V  f
t
■ 7^-
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Figure 8.9(a). 10mm Cover bar in poor quality OPC concrete specimen 
without corrosion inhibitors ponded in 5%Nacl solution
10mm Cover Bar (Without Corrosion Inhibitors)
Poor Quality OPC Concrete Specimen %
Figure 8.9(b). 10mm Cover bar in poor quality OPC concrete specimen 
treated with Sika-903 migratory inhibitor ponded in 5%Nacl solution
lOmm C over Bar Treated with Sika-903 Film Form ing M igratory
corrosion Inhibitor
Poor Q uality OPC C oncrete Specim en
2 1 9
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8.3 Chloride Ion Profile
Table 8.1 gives the concentration of chloride ions by weight of cement measured 
from samples extracted from concrete specimens ponded with 5% sodium chloride 
solution at the end o f the experimental testing (after 4 years of wet and dry ponding).
It can be seen from table 8.1 that concrete specimens which allowed penetration of 
chloride were also those which exhibited signs o f corrosion. The details of the 
calculations of the chloride ion concentration test are shown in (Appendix C).
The general trend o f the results show that the penetration of chloride ions increased 
with increasing water / cement ratio. The poor quality concrete specimens have clearly 
shown the highest CT concentrations, whereas the high quality concrete specimens 
have exhibited the lowest Cl' concentrations. It was shown from the IS AT results in 
section 6.3.3 that the high quality concrete specimens had very low permeability and 
thus a higher resistance against the ingress of chlorides ions.
According to Figure 8 .8 , it is shown that the use of GGBS and PFA cement blends 
improved the concrete’s resistance against the ingress of chloride ions, however, the 
PFA based concrete specimens have shown the lowest CT concentrations. At the 0.26 
W/C ratio concrete mixes (Mix 1) where chloride ion concentration values as low as
0.25%. This explains why the high quality PFA based concrete specimens showed the 
longest time to corrosion initiation (Section 7.4.1).
According to the results from the long-term corrosion monitoring o f the concrete 
specimens it was shown that the Sika-901 and DCI admixed corrosion inhibitors were 
successful in delaying the onset of corrosion, and it was mentioned in the literature, 
(Section 2.7.5.2), that in order for corrosion inhibitors to be effective in delaying time 
to corrosion initiation the concentration of chloride ions must not be above 2%. This 
agrees with the results from Table 8.1 which shows that all of the concrete specimens 
admixed with corrosion inhibitors have shown Cl rates below 2%.
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Chloride Ion Concentration (%)
Specimen Type High Quality 
(Mix 1)
Good Quality 
(Mix 2)
Poor Quality 
(Mix 3)
100% OPC (O) 0.65 1.0 2.0
OPC/GGBS (OG) 0.40 0.70 1.3
OPC/PFA (OP) 0.25 0.56 0.85
OPC+Sika-901 (OS) 0.80 1.1 1.98
OPC/GGBS+Sika-901 (OGS) 0.50 0.85 1.8
OPC/PFA+Sika-901 (OPS) 0.26 0.56 0.85
OPC+DCI (OD) 0.69 1.1 1.8
OPC/GGBS+DCI (OGD) 0.50 0.78 1.5
OPC/PFA+DCI (OPD) 0.15 0.40 0.77
Table 8.1 Chloride Ion content of concrete specimens at 25-40mm cover 
depth taken at the end of the study (after 4 years)
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Figure 8.10 Chloride Ion concentrations at depth between 25-40mm cover 
depth of specimens made from high, good and poor quality concrete
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CHAPTER 9 CONCLUSIONS AND RECOMMENDATIONS
9.1 Conclusion of Fresh Property Results
• It was found that, the increase in the water / cement ratio resulted in an 
increase in the slump and decrease in the Vebe Time and Compacting Factor 
values.
• The use of 30% GGBS and 25% PFA replacement blends resulted in an 
increase in the Slump values accompanied by a relative decrease in the Vebe 
time and the Compacting Factor when compared with the 100% OPC based 
concrete mixes.
• Mixes containing Sika-901 and DCI admixed corrosion inhibitors had higher 
slump values than equivalent mixed that did not have inhibitors. This small 
relative increase (5-10%) in the slump may be related to the additional water 
content found within the corrosion inhibitor.
• The addition o f both Sika-901 and DCI corrosion inhibitors to all of the 
concrete mixes used resulted in a general decrease in the Vebe time and 
Compacting Factor results.
• Partial replacement of OPC with 30% GGBS and 25% PFA increased the 
workability of the concrete mix. The replacement with 25% PFA produced a 
higher workability than replacement with GGBS, probably because o f the 
greater volume of cementitious material in the m ix and improved particle 
grading.
• The use of the admixed Sika-901 and DCI corrosion inhibitors produced a 
small, but measurable, increase in the workability. This is attributed to the 
water content in the inhibitors.
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9.2 Conclusions of Physical Property Results
• There was a general increase of density in all of the concretes tested with age. 
It was also found that as the water / cement ratio increased a general decrease 
in the density occurred.
• The partial replacement of OPC with 30% GGBS and 25% PFA increased the 
density o f the concrete. Mixes containing 25% PFA had higher densities than 
equivalent GGBS mixes.
• The use of the admixed Sika-901 and DCI corrosion inhibitors in all of the 
mixes used in this study did not have any measurable effect on the density of 
concrete.
• The compressive strength of all the concretes tested increased with time. As 
expected the quality of concrete affected the maximum strength in all mixes, 
the compressive strength decreased with the increasing water / cement ratio.
• All of the mixes used exhibited the expected trends o f strength development. 
The short-term strength gain of the OPC mixes was greater that that o f the 
equivalent concrete made of GGBS and PFA. However, the long-term strength 
(measured at 365 days) showed that both the PFA and GGBS based mixes 
continued to gain strength with time eventually reaching compressive 
strengths higher than the equivalent OPC mix.
• The addition o f the Sika-901 admixed corrosion inhibitor did not have any 
measurable effect on the development o f compressive strength. In contrast the 
DCI corrosion inhibitor produced a relative increase in the compressive 
strength. This is thought to be due to the calcium nitrites within the DCI 
inhibitor, which are known to be a set-accelerators
• Measured values o f initial surface absorption (ISAT) for the mature concrete 
were found to increase with water / cement ratio. The use o f 30% GGBS and 
25% PFA replacement blends resulted in a decrease in the ISAT values when 
compared to equivalent specimens made from 100% OPC concrete.
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• The addition of the either admixed corrosion inhibitor produced a small 
increase in the measured ISAT values o f around 5-10%.
9.3 Conclusion of Corrosion Behaviour Results
The 100% OPC control specimens that have been ponded in a saturated 
calcium hydroxide solution throughout the study did not show any corrosion 
activities in the embedded steel bars at any cover depth. This behaviour was 
expected because these specimens were not subjected to the ingress o f chloride 
ions.
The dry and wet ponding with 5% sodium chloride solution provided the 
worse environment for the concrete specimens. The quality o f the concrete had 
a major effect in resisting the ingress of chloride ions, as the high quality 
concrete specimens showed longer periods o f passive behaviour and higher 
times to corrosion initiation than the poor quality concrete specimens.
The larger the concrete cover the higher was the resistance against chloride- 
induced corrosion. In all specimens the 10mm cover bars exhibited higher 
corrosion rates and shorter times to corrosion initiation than the 25mm and 
40mm cover bars.
Partial replacement of OPC with 30% GGBS and 25% PFA improved the 
concrete’s ability to resist the ingress o f chloride ions and thus provide a better 
protection against chloride-induced corrosion. However, it was observed that 
the PFA based concrete specimens showed longer times to corrosion initiation 
and lower corrosion rates than the equivalent GGBS based concrete 
specimens. This is thought to be due to the very low permeability o f the PFA 
concrete which was confirmed from the ISAT results.
The long-term corrosion monitoring of the concrete specimens demonstrated 
that the Sika-901 and DCI admixed corrosion inhibitor were successful in 
delaying the time to onset o f corrosion at the reinforcement bars at all cover 
depths. However, once corrosion was initiated the inhibitors were not able to 
reduce the subsequent corrosion rates by any measurable degree.
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The Sika-901 and DCI corrosion inhibitors were effective in delaying the time 
to corrosion initiation o f the reinforcement bars at all cover depths in concrete 
specimens made of 25% PFA and 30% GGBS cement replacement blends. 
This outcome must be considered as very important in this failed because, to 
date, no data has been published on tlie effectiveness of corrosion inhibitors in 
blended cement concrete.
The Sika-901 corrosion inhibitor was generally more effective than the DCI 
inhibitor in delaying the onset o f corrosion at the embedded reinforcement at 
all cover depths examined. Blended cement concrete mixes admixed with 
Sika-901 corrosion inhibitor showed longer times to corrosion initiation and 
lower corrosion rates than equivalent mixes admixed with DCI inhibitor 
within the conditions used in this study.
• It was demonstrated that the use of high quality concrete in conjunction with 
deep concrete cover to the reinforcement can offer a similar, or higher, degree 
of protection against chloride-induced corrosion than when admixing 
corrosion inhibitors with poor quality concrete.
The addition o f the Sika-901 surface applied corrosion inhibitor to concrete 
specimens which had steel bars corroding at significant rates produced a 
marked decrease in corrosion rates down to that typical of passive bars in the 
same concrete. This reduction in die corrosion rates was identified by the 
positive increase in the potentials and the decrease in the measured currents. It 
was found that the penetrating inhibitor was able to reduce the corrosion rates 
o f steel bars embedded in concrete specimens made from 30% GGBS and 
25% PFA cement replacement blends.
In the poor quality concrete specimens, bars at 10mm and 40mm cover depth 
showed little difference in corrosion rate, reflecting the permeable nature of 
that concrete. In contrast the high quality concrete specimen showed a 
significant delay between the application of the surface applied inhibitor and 
the time when corrosion decreased to values similar to that of passive bars.
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• In the high quality OPC/PFA concrete specimens the surface application o f the 
Sika-901 corrosion inhibitor did not decrease the corrosion rates. This suggests 
that the high permeability of those concrete specimens prevented the corrosion 
inhibitor from migrating through the surface layer to the steel.
• Photographs o f the steel bars taken after the breaking up o f the specimens 
confirmed the outcome of the half-cell potential and corrosion current results.
9.4 Recommendations for Future Work
Upon completing this research work, it was decided that the following areas would 
benefit from further research:
• The main limitation with this work was the time restriction. A more detailed 
study could be carried out to determine the long-term effectiveness of the 
migratory corrosion inhibitors, in chloride environments. It is feasible to 
assume that if the inhibitor can penetrate into concrete it could also leach out 
again over time. Therefore, more conclusive proof is required as to its long- 
tenn capabilities.
• It was reported in this study that 30% replacement with GGBS blend was 
used, it is therefore, recommended to use higher levels of GGBS replacements 
and examine their effect under the ingress of chloride ions and the penetrating 
inliibitor.
• It was concluded that corrosion inhibitors work in chloride environments, 
however, it would be o f great interest to carry out further research on the 
effectiveness o f inhibitors in preventing corrosion of reinforcement due to 
carbonation,
• Further research should be carried out in order to specify the rate at which the 
migratory corrosion inhibitors penetrate through the concrete by using 
advanced techniques such as Magnetic Resonance Imaging (MRI).
226
Chapter 9: Conclusions and Recommendations
It was reported that the chloride ion content was only measured at the end of 
the testing programme, and samples have been extracted from 25-40mm cover 
depth. It is therefore, recommended for further work to obtain a better 
approach by taking samples from each cover depth and measure the chloride 
ion content at different time intervals.
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APPENDIX A MIX DESIGN
A .l High Quality Concrete Mixes (Mix I)
The mixes were designed in accordance with the Building Research Establisliment’s 
“design of normal concrete m ixes” (1997) for the 100% OPC control mix. The 
following assumptions were made:
1. The free water / cement ratio (W/C) = 0.26
2. Aggregate Type Uncrushed maximum size 10mm
3. Assume relative density o f aggregate = 2.6
4. Cement content = 450kg/m"
5. A simple approach has been adopted which involves partial 
replacement o f the Ordinary Portland Cement (OPC) used in the 100% 
OPC samples (Mix O), with an equal weight of GGBS (Mix OG) or 
PFA (Mix OP)
Free water content = 450 x 0.26 = 117 kg/m^
Assume wet density o f concrete m ix = 2350 kg/m^
Total aggregate content = 2350 -  450 -  117 = 1783 kg/m^
Assume aggregate content contains 1/3 sand and 2/3 of aggregate 
Therefore, sand content = 1783 / 3 = 597.3 kg/m^
10mm aggregate content = (1783 x 2) / 3 = 1186.6 kg/m^
Assume absorption rate o f sand is 2.4% and for the 10mm aggregate is 3.6%
Mass of oven dried 10mm aggregate is, 1186.6 / 1.036 = 1147.3 kg/m^
Mass of oven dried sand is, 594.3 / 1.024 = 580.4 kg/m^
Mass o f absorbed water = [(594.3 - 580.4) + (1186.6 -  1147.3)] = 55.2 kg/m^
The m ix proportions are shown in Table A. 1
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A.2 Good Quality Concrete Mixes (Mix 2)
The mixes were designed in accordance with the Research Establishment’s “design of 
normal concrete mixes” (1997) for the 100% OPC control mix. The following 
assumptions were made
1. The free water / cement ratio (W/C) = 0,40
2. Aggregate Type Uncrushed maximum size 10mm
3. Assume relative density o f aggregate = 2.6
4. Cement content = 450kg/m^
5. A simple approach has been adopted which involves partial 
replacement o f the Ordinary Portland Cement (OPC) used in the 100% 
OPC samples (Mix O), with an equal weight o f GGBS (Mix OG) or 
PFA (Mix OP)
Free water content = 450 x 0.40 = 180 kg/m^
Assume wet density of concrete m ix = 2350 kg/m^
Total aggregate content = 2350 -  450 -  1180 = 1720 kg/m^
Assume aggregate content contains 1/3 sand and 2/3 of aggregate 
Therefore, sand content = 1720 / 3 = 573.3 kg/m^
10mm aggregate content = (1720 x 2) / 3 = 1146.7 kg/m^
Assume absorption rate of sand is 2.4% and for the 10mm aggregate is 3.6% 
Mass o f oven dried 10mm aggregate is, 1146.7 / 1.036 = 1106.9 kg/m^
Mass of oven dried sand is, 573.3 / 1.024 = 560 kg/m^
Mass o f absorbed water = [(573.3 - 560) + (1146.7 -  1106.9)] = 53.2 kg/m^
The m ix proportions are shown in Table A.2
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A 3 Poor Quality Concrete Mixes (Mix 3)
The mixes were designed in accordance with the Research Establishment’s “design of 
normal concrete mixes” (1997) for the 100% OPC control mix. The following 
assumptions were made
1. The free water / cement ratio (W/C) = 0.65
6 . Aggregate Type Uncrushed maximum size 10mm
7. Assume relative density o f aggregate = 2.6
8 . Cement content = 450kg/m^
9. A simple approach has been adopted which involves partial 
replacement of the Ordinary Portland Cement (OPC) used in the 100% 
OPC samples (Mix O), with an equal weight of GGBS (Mix OG) or 
PFA (Mix OP)
Free water content = 450 x 0.65 = 292.5 kg/m^
Assume wet density of concrete m ix = 2350 kg/m^
Total aggregate content = 2350 -  450 -  292.5 = 1607.5 kg/m^
Assume aggregate content contains 1/3 sand and 2/3 of aggregate 
Therefore, sand content = 1607.5 / 3 = 535.8 kg/m^
10mm aggregate content = (1607.5 x 2) / 3 = 1071.6 kg/m^
Assume absorption rate o f sand is 2.4% and for the 10mm aggregate is 3.6%
Mass of oven dried 10mm aggregate is, 1071.6 / 1.036 = 1034.4 kg/m^
Mass of oven dried sand is, 535.8 / 1.024 = 523.2 kg/m"
Mass of absorbed water =  [(535.8 -  523.2) + (1071.6 -  1034.4)] = 49.8 kg/m^
The m ix proportions are shown in Table A.3
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Material Mass (kg/m^) Ratio
Cement 450 1.0
Free water 117 0.26
Added water 55.2 0.112
10 mm Agg. 1147.3 2.55
Sand 580 1.3
Sika-901 18 0.04
DCI 20 0.045
Total 2388.25 5.31
Table A .l Total mix proportions for the high quality concrete mix (Mix 1)
Material Mass (kg/m^) Ratio
Cement 450 1.0
Free water 180 0.40
Added water 53.1 0.11
10 mm Agg. 1106.9 2.46
Sand 560 1.25
Sika-901 18 0.04
DCI 20 0.045
Total 2388.25 5.31 1
Table A.2 Total mix proportions for the good quality concrete mix (Mix 2)
Material Mass (kg/m^) Ratio
Cement 450 1.0
Free water 292.5 0.65
Added water 49.8 0.10
10 mm Agg. 1034.4 2.3
Sand 523.2 1.17
Sika-901 18 0.04
DCI 20 0.045
Total 2388.25 5.31
Table A 3 Total mix proportions for the poor quality concrete mix (Mix 3)
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APPENDIX B CORROSION MEASUREMENTS
This appendix presents the measurements from the long-term monitoring of the half­
cell potential and corrosion current, it has been mentioned in the literature that the 
Stem-Geary equation was used in order to obtain the corrosion currents as follow:
^E
a 7 {(hXPc)2.3Icorr{/h + pc) 
This can be simplified to:
,eocT= - L2.3{J3a + Pc) Rp
Where:
AI -Applied current (mA)
AE- Potential response (mV)
Rp - Polarization resistance (kQ)
Ba - Anodic Taffel constant 
Bb -  Cathodic Taffel constant
The data containing the long-term measurements of half-sell potentials and corrosion 
currents is available in the accompanying CD labelled as Appendix B It must be 
noted that some of the specimens listed do not have a full set of data due to computer 
failure occurring during this work which have resulted into the deletion of some of the 
recorded measurements. N.B. The graphs presented in the main thesis contain all the 
available data.
Table B .l, illustrates how the results obtained from the long-term corrosion 
monitoring of concrete specimens were presented.
Date Ei ( m V ) i i r ( m A ) Er ( m V I r ( m A ) Icorr ( m A / m ^ )
Test Date Initial
Potential
Initial
Current
Rest
Potential
Rest
Current
Corrosion 
Current density
Table B .l. Illustration of the format of the corrosion monitoring results
Icorr -  is obtained from the Sern-Geary equation shown above.
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Table B 2 lists the type and number o f specimens used in this study and can be found 
in the accompanying CD.
Specimen No Concrete Quality Specimen Type Ponding Regime
1 High OPC ONLY CONTROL
6 Good // CONTROL
9 Poor // CONTROL
* 2 High // 5% Nac
* 4 Good // 5% Nad
* 7 Poor // 5% Nad
* 10 Good OPC+GGBS 5% Nad
12 Poor // 5% Nad
* 14 High // 5% Nad
16 High OPC+PFA 5% Nad
* 18 Good // 5% Nad
* 20 Poor // 5% Nad
3 High OPC ONLY 5% Nad
5 Good // 5% Nad
8 Poor // 5% Nad
11 Good OPC+GGBS 5% Nad
13 Poor // 5% Nad
15 High // 5% Nad
17 High OPC+PFA 5% Nad
19 Good // 5% Nad
21 Poor // 5% Nad
22 High OPC/SlKA-901 5% Nad
23 Good // 5% Nad
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24 Poor // 5% N ad
25 High OP/DCI 5% N ad
26 Good // 5% N ad
27 Poor // 5% N ad
28 High OPC+GGBS+SIKA 5% N ad
29 Good // 5% Nad
30 Poor // 5% N ad
31 High OPC+GGBS+DCI 5% N ad
32 Good // 5% N ad
33 Poor // 5% N ad
34 High OPC+PFA+SIKA 5% N ad
35 Good // 5% N ad
36 Poor // 5% N ad
37 High OPC+PFA+DCI 5% N ad
38 Good // 5% Nad
39 Poor // 5% N ad
Table B.2 List of number and type of specimens used in this study
Control specimens were ponded in water and kept wet all the time
All other specimens were ponded in 5% sodium chloride solution for one week 
wet / one week dry cycles
* Indicates that the specimen shown was treated with Sika-903 Migratory 
corrosion inhibitor
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APPENDIX C CHLORIDE ION CONTENT 
CALCULATIONS
The following equation was used in order to calculate the chloride ion content of the 
concrete samples extracted form each specimen
XC r (chloride ion content) % = ( — ) x 1 0 0  
Where:
X -  ppmm (mg/L) / Volume of acid (L)
The ppmm value is a conversion of the Quantab units
Volume of acid = (Weight of Acid) / (Density o f solution, which is 1.05 g/cm)
Y -  Weight of Sample X Total Cementious Ratio 
The total cementious ratio is 450/2350 = 0.191
Table C l Shows the data obtained to calculate the chloride ion content for the OPC 
only concrete (Mix O).
W/C Ratio W. Sample 
(k)
W. Acid 
fLi
Quantab
Units
Ppmm (mg/l) 
Cl
cr(%)
0.26 41 75 8 712.2752 0.653104
0.40 46 86 9.4 1097.127 1.028146
0.65 34 120 9.5 1129.645 1.998487
Table C .l Chloride Ion calculations for OPC only concrete (Mix O)
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Table C 2 Shows the data obtained to calculate the chloride ion content for the 
70%OPC +30%GGBS concrete (Mix OG).
W/C Ratio W. Sample 
(g)
W. Acid 
(L)
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 63 70 8 712.2752 0.3967
0.40 46 66 9 974.0565 0.700531
0.65 38 88 9.5 1129.645 1.311288
Table C.2 Chloride Ion calculations for OPC/GGBS concrete (Mix OG)
Table C.3 Shows the data obtained to calculate the chloride ion content for the 
75%OPC +25%PFA concrete (Mix OP).
W/C Ratio W. Sample 
(K)
W. Acid 
(L)
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 49 55 6.6 442.0811 0.248729
0.40 43 80 7.5 603.8738 0.563151
0.65 39 72 8.8 916.5963 0.848209
Table C.3 Chloride Ion calculations for OPC/PFA concrete (Mix OP)
Table C 4 Shows the data obtained to calculate the chloride ion content for the 
OPC+Sika-901 concrete (Mix OS).
W/C Ratio W. Sample 
(g)
W. Acid 
(L)
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 49 80 9 974.0565 0.797141
0.40 49 129 8.5 835.3014 1.102285
0.65 39 125 9.8 1231.537 1.978563
Table C.4 Chloride Ion calculations for OPC/Sika-901 concrete (Mix OS)
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Table C.5 Shows the data obtained to calculate the chloride ion content for the 
OPC+GGBS+Sika-901 concrete (Mix OGS).
W/C Ratio W. Sample
Cr)
W. Acid 
ID
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 67 80 8.5 835.3014 0.499937
0.40 40 70 9 974.0565 0.854436
0.65 37 110 9.8 1231.537 1.835251
Table C.5 Chloride Ion calculations for OPC/GGBS+Sika-901 concrete (Mix QGS)
Table C.6 Shows the data obtained to calculate the chloride ion content for the 
OPC+PFA+Sika-901 concrete (Mix OPS).
W/C Ratio W. Sample 
(g)
W. Acid 
ID
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 49 80 5.7 317.6557 0.259961
0.40 48 110 6.9 491.542 0.564637
0.65 39 93 8 712.2752 0.85138
Table C.6 Chloride Ion calculations for OPC/PFA+Sika-901 concrete (Mix OPS)
Table C.l  Shows the data obtained to calculate the chloride ion content for the 
OPC+DCI concrete (Mix OD).
W/C Ratio W. Sample 
(g)
W. Acid 
(W
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 42 59 9 974.0565 0.685873
0.40 44 100 9 974.0565 1.109657
0.65 41 120 9.8 1231.537 1.806766
Table C .l  Chloride Ion calculations for O PC/DC I concrete (Mix OP)
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Table C.8 Shows the data obtained to calculate the chloride ion content for the 
OPC+GGBS++DCI concrete (Mix OGD).
W/C Ratio W. Sample 
(g)
W. Acid 
(W
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 67 80 8.5 835.3014 0.499937
0.40 40 72 8.6 861.7588 0.777527
0.65 37 90 9.8 1231.537 1.501569
Table C.8 Chloride Ion calculations for QPC/GGBS+DCl concrete (Mix OGD)
Table C.9 Shows the data obtained to calculate the chloride ion content for the 
OPC+PFA+DCI concrete (Mix OPD).
W/C Ratio W. Sample 
(g)
W. Acid 
(LI
Quantab
Units
Ppmm (mg/l) 
Cl
Cl (%)
0.26 45 60 4.8 224.1583 0.149813
0.40 44 80 6.6 442.0811 0.402899
0.65 41 95 7.8 667.2215 0.774938
Table C.9 Chloride Ion calculations for OPC/PFA+DCI concrete (Mix OPD)
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